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ABSTRACT 
The anthraquinone process is the most important method in the manufacture of hydrogen peroxide. 
The hydrogenation of anthraquinone is the key reaction in this method.  
Because of the instability of the product in this reaction, and the lack of anthraquinone measuring 
method during the reaction, the mechanism study on this reaction was exclusively based on the 
hydrogen consumption and the stoichiometry relationship between hydrogen and anthraquinone. 
Hence we introduce IR in situ detection, which is a powerful technique that has the ability to directly 
study the mechanism by monitoring not only the anthraquinone consumption but also the product 
formation in the hydrogenation of anthraquinone. It is worth to notice that this is the first time that 
the unstable product anthrahydroquinone be detected by the researchers. By using in situ IR and 
hydrogen consumption measurement orthogonality, a great advantage had been shown not only in 
the study of the kinetic of the primary hydrogenation of anthraquinone, but also in studying the 
degradation of the primary product anthrahydroquinone when comparing to the conventional 
methods. In situ IR shows it’s potential to be a powerful technique in the mechanism study of 
reactions that involve intermediate detection. 
Different supports for palladium loading had be studied for the hydrogenation of anthraquinone. 
Among these supports, the dealuminated Y zeolite supported Pd catalyst shows a 38% improve in 
the activity to γ-alumina supported Pd catalyst, the latter is widely used as a commercial catalyst in 
the hydrogen peroxide manufacture. Besides this, water promotes both the primary hydrogenation 
rate and degradation rate in the hydrogenation of anthraquinone. Phenyl grafted MCM41 support 
suppresses the water effect in the degradation, showing a 42% less degradation rate and 15% more 
selectivity to active quinone when compared to commercial catalyst. The possible explanation is that 
its hydrophobic property hinder the contact between catalyst and primary product. 
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Nomenclature 
Symbol Definition Unit 
eAQ 2-ethyl anthraquinone  
eAQH2 2-ethyl anthrahydroquinone  
H4eAQ 2-ethyl-5,6,7,8-tetrahydroanthraquinone  
H4eAQH2 2-ethyl-5,6,7,8-tetrahydroanthrahydroquinone  
H8eAQ 2-ethyl-1,2,3,4,5,6,7,8-octahydroanthraquinone  
H8eAQH2 2-ethyl-1,2,3,4,5,6,7,8-octahydroanthrahydroquinone  
eAN 2-ethylanthrone  
H4eAN 2-ethyl-5,6,7,8-tetrahydroanthrone  
eANT 2-ethylanthracene  
H4eANT 2-ethyl-5,6,7,8-tetrahydroanthracene  
OXO 2-ethyloxanthrone  
INT 2-ethyl-9,10-hydroxy-9,10-hydro-anthraquinone  
WS working solution  
DLA direct acid leaching  
SSAL self-steaming and acid leaching  
NSAL nitrogen steaming and acid leaching  
AL acid leaching  
BL base leaching  
ν chemical bond stretching mode  
δ chemical bond bending mode  
CeAQ the eAQ concentration in the WS mol·L-1 
CH2 the hydrogen concentration in the WS mol·L-1 
k0 the reaction rate constant, in equation (2) at page 108 ml·Lαβ·min-1·mol-αβ 
kH Henry's law volatility constant mol·l-1·bar-1 
pH2 the hydrogen pressure bar 
k1 the reaction rate constant, in equation (4) at page 109 ml·Lα·min-1·mol-α·bar-β 
k2 the reaction rate constant, in equation (5) at page 109 ml·L·min-1·mol-1 
KeAQ the ratio of eAQ concentration to peak area at 1677 cm-1 mol·L-1 
AeAQ the absorbance of peak area at 1677cm-1  
keAQH2 the ratio of the maximum peak area at 759 cm-1 to maximum 
peak area at 1677cm-1 
 
AeAQH2 the absorbance of peak area at 759cm-1  
KH4eAQ the ratio of H4eAQ concentration to peak area at 1664 cm-1 mol·L-1 
AH4eAQ the absorbance of peak area at 1664cm-1  
kH4eAQH2 the ratio of the maximum peak area at 1190 cm-1 to maximum 
peak area at 1664cm-1 
 
AH4eAQH2 the absorbance of peak area at 1190cm-1  
kfit the reacton rate constant, in equation (12) at page 159 ml·min-1 
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Chapter 1 Introduction 
 
1.1 Hydrogen peroxide manufacture 
1.1.1 Hydrogen peroxide 
Hydrogen peroxide as a green oxidant becomes more and more popular in the industry today. 
The fact that it can be synthesized and metabolized in organisms proves it is an environmentally 
friendly chemical. Hydrogen peroxide is widely used as a disinfectant, in medical treatment, in 
electronic components treatment and for pulp and paper bleaching. It can even be used as 
propellant, especially in the military and in rocket fuel. Hydrogen peroxide was first 
manufactured by wet chemical processes around 1880, using barium peroxide reaction with 
hydrochloric acid and the water-soluble barium chloride is then precipitated by sulphuric acid. 
However in industry it is restricted by high production cost, low hydrogen peroxide 
concentration and hence low stability to impurities. In 1908, electrochemical processes were 
introduced based on the hydrolysis of ammonium peroxydisulfate. However in industry it is 
restricted by limited scale and high energy consumption (Gustaaf Goor, 2012). This situation did 
not change until the organic autoxidation processes was developed. In 1935, Pfleiderer and 
Riedel developed the Riedel-Pfleiderer process, better known as anthraquinone process. But it 
was only carried out at pilot plant scale until the end of World War II. From 1953 until now 
almost all the wet chemical processes and electrochemical processes had been replaced by the 
anthraquinone process progressively (Campos-Martin et al., 2006). In recently years, as a new 
developing method, the direct synthesis of hydrogen peroxide is becoming more and more 
attractive in research. Degussa and Headwater even built a product line based on the direct 
synthesis from hydrogen and oxygen with a palladium catalyst (Hu, 2006). The demand for 
hydrogen peroxide in the industry keeps increasing, and the research on hydrogen peroxide 
manufacture is a highly relevant and important topic. 
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1.1.2 Anthraquinone process 
 
Figure 1.1 Riedl-Pfleiderer process 
In 1935, Riedl and Pfleiderer in BASF discovered a method by using anthraquinone as a medium 
to produce hydrogen peroxide. As show in Figure 1.1, the method is named after them as Riedl-
Pfleiderer process, and also well known as anthraquinone process (Pfleiderer and Riedl, 1939). 
 
The anthraquinone process containing four major steps: hydrogenation, oxidation, hydrogen 
peroxide extraction and treatment of the working solution.  Anthraquinone is first hydrogenated 
to anthrahydroquinone in the hydrogenation and then oxidized with air to form anthraquinone 
and hydrogen peroxide. Final working solution contains the finishing product hydrogen peroxide 
(Pfleiderer and Riedl, 1939) which then extracted with water from the organic solution. The 
remaining working solution is recycled and dried out for another reaction cycle. The 
hydrogenation of anthraquinone is the key procedure among these reactions. The 
hydrogenation step requires the use of catalysts like nickel and palladium, while oxidization 
usually happens spontaneously. During hydrogenation step, some side products are formed and 
caused net consumption of anthraquinone. Therefore how to effectively control the activity and 
selectivity during hydrogenation reaction is the key target in chemical industry. Lots of studies 
have been done to investigate the reaction pathway in order to make new catalysts. In our 
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current research, a new catalyst is synthesized and studied with the purpose of increasing the 
selectivity of the hydrogenation of anthraquinone. 
 
The product of the anthraquinone hydrogenation is not stable. It can be easily oxidized in the air 
(Gustaaf Goor, 2012). In the industrial manufacture, the product line is well isolated and the 
hydrogenated product is separated from the catalyst in a hydrogen saturated environment. Then 
the degassed working solution is contacted with air in an oxidation tower. The 
anthrahydroquinone in the working solution is spontaneously oxidized by oxygen in the air at 
room temperature and atmospheric pressure. This means the design of process line is very 
important and will affect the productivity or even safety of the factory. Research done at 
laboratory scale face similar problems and a carefully designed reaction system is needed for the 
investigation. This has led to two different groups of studies: One is focused on process 
engineering and the other is focused on the reaction mechanism. Researchers focussing on 
process and reactor design usually have limited knowledge of the reaction mechanism. On the 
other hand, investigations on reaction mechanisms frequently neglect requirements for 
appropriate reactor design. Thus a better research methodology is lacking in this research. My 
work is aimed at filling this particular gap by developing an improved method for the 
investigation of the anthraquinone hydrogenation mechanism. 
1.1.3 Direct synthesis 
Direct synthesis of hydrogen peroxide from hydrogen and oxygen using palladium as catalyst 
was first introduced by Henkel and Weber in 1914 (Henkel and Weber, 1914). However, it will 
become very dangerous when hydrogen and oxygen is mixed. The highly explosive mixture and 
low selectivity of this process prevented the application on industrial scale for nearly 100 years. 
Important improvements were made recently to overcome those problems. Investigations 
revealed that high Bronsted acidity supports increase the selectivity in the direct synthesis 
(Edwards et al., 2012). By introducing acid and halide promoters the selectivity was improved 
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remarkably. And the incorporation of Au and Pd catalysts leads to a higher selectivity compared 
with monometallic catalysts. Au and Pd impregnated on an acid pre-treated activated carbon 
support, showed 95%  selectivity (Edwards et al., 2012). The use of CO2 is emphasized as it not 
only diluted the reaction gases to avoid the explosive ratio but also acts as an in situ acid 
promoter by forming carbonic acid. What is more, in CO2 propylene can be epoxidized directly 
by H2O2 to form propylene oxide which avoids the formation of undesired side products and the 
high energy requirement in the conventional propylene manufacture. Based on these works, 
BASF and Dow Chemicals opened a Joint-venture pilot plant based on the direct synthesis of 
hydrogen peroxide connected with hydrogen peroxide to propylene oxide (HPPO) process in 
2008 (Beckman, 2003). Although there are a number of challenges that remain in the 
development of applicable catalysts for the direct synthesis of hydrogen peroxide alone, these 
great improvements already led to a new way of hydrogen peroxide manufacture. We should 
look forward to commercialised process happen in the early next century. 
1.1.4 Other methods for hydrogen peroxide manufacture 
Apart from the two main routes mentioned above, the other methods to produce hydrogen 
peroxide include:  
Oxidation of Alcohols 
Hydrogen peroxide is generated by partial oxidation of primary or secondary alcohols, aldehyde 
or ketone were formed as a coproduct. This method was used by Shell Chemical from 1957 to 
1980. However, the solubility of the alcohol in the peroxide phase is very poor, which makes it 
difficult to obtain a high purity of hydrogen peroxide (Gustaaf Goor, 2012). 
Methylbenzylalcohol 
Lyondell Chemical and Repsol Quimica developed a process to produce hydrogen peroxide by 
oxidizing a methylbenzylalcohol. The methylbenzylalcohol is a coproduct of their 
propylene/oxide/styrene process, so this particular method cannot be commonly used due to 
the limited availability of the reactant (Leyshon et al., 1993). 
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Electrochemical Synthesis 
By electrolysis of a diluted NaOH solution, alkaline peroxide is formed. This is a mixture of 
hydrogen peroxide and sodium hydroxide, which is ideal for pulp bleaching since the separation 
of hydrogen peroxide and sodium hydroxide is not necessary (Foller and Bombard, 1995). 
Besides these, Russia has several plants using isopropyl autoxidation to produce hydrogen 
peroxide and acetone. A product line in America produces hydrogen peroxide on small scale 
based on cathode reduction (Hu, 2006).  
Among these manufacturing techniques, the anthraquinone process is still the most commonly 
used process for the manufacture of hydrogen peroxide. It monopolized more than 95% of 
world’s production of hydrogen peroxide. Mild reaction temperatures and avoiding the direct 
contact of hydrogen and oxygen are the main advantages of the anthraquinone process. 
However, the disadvantage of anthraquinone process method lies mainly in the by-products 
generated during the repeated hydrogenation.  
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1.1.5 The reaction route in hydrogenation of anthraquinone 
 
Figure 1.2 The reaction pathway of anthraquinone hydrogenation 
As shown in figure 1.2, the hydrogenation of anthraquinone produces numerous by-products.  
After the eAQ hydrogenated to eAQH2, the primary product eAQH2 can be further hydrogenated 
to various products. Among these by-products, H4eAQH2 can also be oxidized by air to form H2O2 
and H4eAQ. H4eAQ can then be used together with eAQ in the reaction cycle to produce H2O2, 
thus eAQ and H4eAQ are therefore referred to as ‘active quinone’. Since all other by-products 
cannot produce H2O2, and they are therefore termed degradation products. The formation of 
degradation products means a loss of eAQ, it will lead to large recurring expense as eAQ is fairly 
expensive. Some of the by-products like the dianthrones formed by the hydrogenolysis of eAQH2 
can even poison the expensive palladium catalyst irreversibly. The investigation of the 
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mechanism of the by-product formation and the parameters that will affect the formation of by-
products, is therefore of significant interest as it can lead to an understanding how to prevent 
the eAQ loss and catalyst poison. It is also part of the present work. 
1.2 IR in situ detection 
1.2.1 Reaction progress kinetic analysis 
Reaction progress kinetic analysis as a powerful methodology for mechanistic studies is 
introduced in this research. eAQ hydrogenation is monitored orthogonally by in situ IR 
spectroscopy and mass flow measurements in order to offer additional mechanistic insight 
(Blackmond, 2005). According to Blackmond’s opinion, the accurate, rapid response of the 
equipment highly affect the quality of the data received from in situ measurement. The 
application of reaction progress kinetic analysis is only recommended for equipment which can 
provide high precision data. Therefore, reaction progress kinetic analysis is not further 
developed until dramatic advances on experimental measurement technique and computer 
analysis software achieved in recent years (Blackmond, 2005). In the earlier years, in situ IR was 
only used as an extremely rapid data collection method during the chemical reaction 
(Blackmond et al., 1982b). But now, with improved technique and data analysis method, in situ 
IR can be used for the quantitative determination and therefore used in kinetic research 
(Richards et al., 2004, Baxter and Blackmond, 2013).  
1.2.2 In situ IR for hydrogenation of eAQ 
IR in situ detection is introduced as a new method for the study of eAQ hydrogenation, which 
can detect the hydrogenation product in situ during the reaction.  
The product in the anthraquinone hydrogenation is highly unstable, especially for eAQH2. When 
exposed to air, it will oxidize to eAQ and form hydrogen peroxide spontaneously. The proposed 
mechanism is shown in Figure 1.3. The activation barrier for the eAQH2 oxidation is only 12.0 
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kcal/mol (50.2 kj/mol), which is low enough for the reaction to occur under ambient condition 
(Nishimi et al., 2011) . 
 
Figure 1.3 Proposed reaction mechanisms for the autoxidation of eAQH2 (Nishimi et al., 2011) 
The conventional method to investigate the hydrogenation mechanism is the measurement of 
the hydrogen consumption rate and when the working solution is taken for other analysis only 
the oxidized sample can be detected. This indirect method has been well developed in the past 
70 years. However the direct measurement of the hydrogenation product, anthrahydroquinone, 
is still not achieved and crucially desired in research aiming at differentiating active quinone 
from degradation products (Chen et al., 2015). Analytical methods including High Performance 
Liquid Chromatography and Gas Chromatography with Mass Spectrometry, Flame Ionization 
Detector or Ultraviolet Detector have been used in order to separate the eAQH2 from eAQ and 
analyse the difference. But the result is barely satisfactory (Drelinkiewicz and Waksmundzka-
Góra, 2006b, Kosydar et al., 2011). eAQH2 is not only unstable but also has a similar structure 
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and molecular weight to eAQ. This made it hard to distinguish it reliably from eAQ by mass 
spectrometry. But if we focus on the change during hydrogenation, the bond C=O consumed and 
new bond C-O-H formed during the reaction. And the product is relatively stable when keep in 
the hydrogen environment hence in situ infrared detection becomes a good method for this 
analysis.  
1.2.3 Quantities analysis of in situ IR  
In the hydrogenation reaction, eAQ is hydrogenated to eAQH2, where the C=O bond on eAQ is 
hydrogenated to C-O-H in eAQH2 and these two functional groups can be easily distinguished 
using IR spectrometry.  Hence the hydrogenation process can be monitored by in situ IR 
detection. According to Beer-Lambert law: 
ܣ = −log
ூ
ூబ
= log
ଵ
்
= ߝ݈ܿ         (1) 
Where the A is the absorbance, ܫ଴and ܫ is the radiant flux received by the material and the 
radiant flux transmitted by the material respectively. ε is molar attenuation coefficient of the 
material, c is the concentration of the material, l is the path length of the beam of light through 
the material. For any experiment, A is proportional to c.  
The IR absorbance is proportional to concentration, so that IR detection can be used for 
quantitative analysis. Furthermore, in situ IR provides another method to measure the 
anthraquinone consumption rate, which is not like the indirect hydrogen consumption 
measurement. The usefulness of this method is demonstrated in other reactions, for example, in 
situ IR spectroscopy has recently been successfully applied to the study of the reaction 
mechanism of copper-catalysed C-C coupling reactions (He et al., 2013). He and co-workers only 
used in situ IR for kinetic profiles, but applied GC with internal standard to determine the 
product yield. On the another hand, Matyshak successfully detected the intermediate Cu2+-O-
N=O complex by in situ IR and further proved that the rate of transferring the intermediate to 
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the product determined by the spectrokinetic results was equal to the reaction rate and forms 
the rate-determining step (Matyshak et al., 1997). This not only a clear demonstration that IR in 
situ detection has the potential to be used for kinetic research, but also affords critical 
information for kinetic studies that are otherwise difficult or even impossible to attain. In the 
eAQ hydrogenation, the eAQH2 is formed but can be further hydrogenated to form other 
products. Although the reaction rate for eAQH2 hydrogenation is much slower to the 
hydrogenation rate of eAQ, it makes the unstable eAQH2 an intermediate-like species in the 
hydrogenation chain. If an intermediate can be captured by in situ IR, then a more stable species 
eAQH2 can also be captured. Hence Matyshak’s work prove the possibility to use IR in situ 
detection in the investigation of eAQ hydrogenation. And to investigate the potential possibility 
is the main topic of my work.  
1.3 New catalyst that inhibit humidity effect in the anthraquinone hydrogenation 
1.3.1 Humidity effect in the anthraquinone hydrogenation 
In the hydrogen peroxide manufacture, water is formed during the hydrogenolysis and 
oxidization. Especially in the extraction process, a large amount of water is introduced for 
extracting hydrogen peroxide out of the working solution. Although the working solution is 
treated with drying agent before it is reused in the next anthraquinone process, inevitably some 
water remains in the working solution and may promotes the hydrogenolytic reaction and hence 
the formation of degradation products. Therefore investigating how water will affect the 
reaction is of particular importance. 
The effect of humidity in the primary reaction and the hydrogenation of eAQ to eAQH2 has been 
well studied. The reaction rate is increasing proportionally with the water concentration in the 
working solution (Gleason and William, 1958). But the effect of humidity in the hydrogenation of 
eAQH2 was not studied until recently: In 2005, Drelinkiewicz reported that water induces the 
increase of hydrogenation rate in eAQ to eAQH2 but suppress the hydrogenolysis of C-O bond in 
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the eAQH2 on a Pd/Al2O3 catalyst (Drelinkiewicz et al., 2005). Subsequently, in 2006, he reported 
that, on the Pd/SiO2 catalysts, humidity facilitates the adsorption in the carbonyl group-bonded 
configuration which makes the hydrogenolysis easier as well as the formation of eAN 
(Drelinkiewicz and Waksmundzka-Góra, 2006a). And one year later, a new Pd on polyaniline(SiO2) 
catalyst was investigated and the humidity affect the reaction rate and hydrogenolysis rate. On 
the other hand, the hydrophobic catalysts show a strong suppression of hydrogenolysis in dry 
condition and also to the humidity effect in the wet condition. But a lower reaction rate of eAQ 
hydrogenation is also observed on the new highly hydrophobic catalysts (Drelinkiewicz et al., 
2007). Since complete reverse result is observed on alumina and silica based catalysts, an 
investigation of water effect comparing those two sorts of supports should be confirmed, and 
because the hydrophobic supports reveal great suppression of both hydrogenolysis and the 
promotion of reaction rate in the wet condition. A new hydrophobic catalyst is introduced into 
the research to reveal the reasons for these phenomena and try to give an explanation about 
the water effect as well. 
1.3.2 Hydrophobic catalysts made by monolayer grafting 
Since the mercaptopropylsilane is grafted on mesoporous silica materials by Feng for waste 
treatment by removing mercury and other heavy metals from waste streams (Feng et al., 1997), 
the synthetic method has been widely extended for a broad range of applications. Alexander and 
Thomas used trialkysilane monolayers grafted on silica surfaces to obtain a hydrophobic material 
the hydrophobic property is achieved by the topography of the monolayers (Fadeev and 
McCarthy, 1999). Masteri-Farahani made a new epoxidation catalyst by grafting cis-MoO2(salpr) 
on the Si-MCM41, which show a 95-99% selectivity in the epoxidation of 1-hexene, 1-octene, 
cyclohexene and cyclooctene with tert-butylhydroperoxide (Masteri-Farahani et al., 2006). It is 
obvious that grafting of organic moieties on a silica surface is a very useful technique. Many 
different functional groups can be chosen for a variety of purposes. In this research, in order to 
get hydrophobic surface, methyl, butyl and phenyl groups are chosen for study. MCM41 is 
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chosen as the base support. New catalysts that were prepared by loading palladium on alkyl 
grafted MCM41 inhibits the humidity effect that promotes both the primary reaction rate and 
the subsequent hydrogenolysis is studied in our research (Goyal and Kapadia, 2013, Chen et al., 
2004). 
1.4 Aim of the research  
To investigate the mechanism of the reactions and what will affect the formation of by-products 
in order to prevent eAQ loss and catalyst poisoning.  
To investigate the potential of using in situ IR for kinetic studies of the hydrogenation of 
anthraquinone.  
To study the humidity effect on the hydrogenation and hydrogenolysis of anthraquinone.  
To study new hydrophobic catalysts that were prepared by loading palladium on alkyl grafted 
MCM41 inhibiting the humidity effect. 
 
  
29 
 
Chapter 2 Literature review 
 
2.1 The anthraquinone process 
Investigating the hydrogenation of anthraquinone is a challenge because the product anthra-
hydroquinone is spontaneously oxidized to form anthraquinone and hydrogen peroxide when 
exposed to air. In the conventional method the H2O2 is measured to calculate the 
anthrahydroquinone amount. The primary product of the hydrogenation, anthrahydroquinone, 
can be further hydrogenated to a variety of products, most of which lead to the loss of 
anthraquinone.  
2.1.1 eAQ hydrogenation 
 
Figure.2.1 Main reactions during the anthraquinone process (Drelinkiewicz et al., 2004a) 
The hydrogenation  of anthraquinone is the key step in the production of H2O2 (Cornan, 1959). 
Figure 2.1 shows the 2-ethylanthraquinone (eAQ) used in the manufacture of H2O2. Most plants 
employ eAQ as the initial reagent for a better solubility, which is hydrogenated to the diol form 
2-ethylanthrahydroquinone (eAQH2) in the presence of catalysts. eAQH2 is then oxidized in air, 
leading to the formation of H2O2 and eAQ. After water extraction, the H2O2 solution is further 
refined to the required concentrations and the organic remainder is recycled, dried and returned 
to the working solution. 
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The kinetics of the hydrogenation of anthraquinone is a controversial problem in the history of 
research into the topic. When Raney nickel was first used as a catalyst, the reaction was found to 
be first order with respect to hydrogen and zero order with respect to eAQ. It was claimed that 
this was because the reaction rate was limited by the mass transfer of hydrogen (Berglin and 
Schoeoen, 1981). In the presence of palladium catalysts the affinity of hydrogen is much higher 
than in relation to nickel. Drelinkiewicz reported that the process of the reaction involves three 
steps: the induction period, the main reaction period and the final stage (Drelinkiewicz, 1991a, 
Drelinkiewicz, 1991b). His results show that throughout the whole process the hydrogenation of 
anthraquinone exhibits zero order kinetics for hydrogen, and a fractional order (usually 1/2) 
dependence on anthraquinone in the final stage. However, during the induction and main period 
zero order kinetics for anthraquinone was observed. The hydrogenation of anthraquinone was 
also conducted under a “mixed diffusion-kinetic regime”. The gas–liquid and/or liquid–solid mass 
transport resistances of hydrogen have a significant effect on the reaction rate (Santacesaria et 
al., 1988). A similar study was reported in relation to the hydrogenation of H4eAQ, which is also 
used in industry for the manufacture of hydrogen peroxide, by Pd-catalyzed hydrogenation in a 
slurry semibatch reactor. Santacesaria claimed that because of fast reaction and slow mass 
transport of hydrogen through the three-phase system the process could not be conducted 
under kinetic control (Santacesaria et al., 1994a, Santacesaria et al., 1988). However, the 
reaction was considered to be zero order with respect to hydrogen and to be first order with 
respect to H4eAQ, contradicting Drelinkiewicz’s earlier findings (Drelinkiewicz, 1992). This 
discrepancy has not been resolved: Hâncu and Beckman used liquid CO2 as a replacement for 
conventional solvents, with the fluoroether-functionalized anthraquinones which can be 
dissolved in the liquid CO2. The reaction is under kinetic region and then found zero order in 
hydrogen and first order in anthraquinones (Hâncu and Beckman, 1999). This result has been 
supported by other reports (Santacesaria et al., 1999a, Halder and Lawal, 2007, Santacesaria et 
al., 1999b). On the other hand, many investigation published in China support Drelinkiewicz’s 
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result that the reaction is zero order with respect to eAQ concentration but first order with 
respect to hydrogen pressure (Shang et al., 2012, Chen, 2008, Liu et al., 2007). All Chinese 
researchers chose trioctyl phosphate (TOP) and mesitylene as the solvent, whereas others used 
p-xylene and 2-octanol. The first order reaction in hydrogen pressure may be caused by the 
difference in regard to the solvent, since the solubility of hydrogen is greatly affected by the 
different solvent. The other differences found in these reports mentioned above, like Hâncu and 
Beckman, use fluoroether-functionalized anthraquinones in order to dissolve in liquid CO2, and 
use H4eAQ instead of eAQ for the reactant. However, this should not affect the kinetic result 
(Chen, 2008, Vaughan, 1974). Thus, the discrepancy in respect of the kinetic is most likely caused 
by the mass transfer limitation. The true intrinsic kinetics have not yet been established 
unequivocally. 
2.1.2 Overhydrogenation and hydrogenolysis 
Although eAQ hydrogenation has a very high selectivity to eAQH2 (Chen, 2008), unwanted side-
reactions termed deep hydrogenation occur after almost all the eAQ has been hydrogenated to 
eAQH2. This leads to the irreversible loss of anthraquinone. Since anthraquinone is a very 
expensive chemical, the investigation of side-reactions is very important. The deep 
hydrogenation route is outlined in Petr’s work. 
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Figure 2.2 Side-reaction pathways (Petr et al., 2004) 
The deep hydrogenation can be classified as taking place via two routes. One is the 
overhydrogenation of aromatic rings to form tetra or octa hydro anthrahydroquinones. The 
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other is the hydrogenolysis of C-OH bonds to form anthrones. The reaction network has been 
outlined by Petr (Petr et al., 2004) based on previous investigations (Santacesaria et al., 1988, 
Santacesaria et al., 1994b). 
As shown in Figure2.2, these two main side-reaction pathways can be observed in all the 
anthraquinone derivations. Consider eAQH2 as an example, after the primary product formed 
from hydrogenation of eAQ, eAQH2 can be further hydrogenated following overhydrogenation (i) 
(ii) and hydrogenolysis (iii) (iv) pathways. Reactions (i) and (ii) produce two isomeric side-
products: H4eAQH2 and iso H4eAQH2. Both of these can be further hydrogenated to form another 
side-product: H8eAQH2. Reactions (iii) and (iv) produce two isomeric side-products: 9-eAN and 
10-eAN. Both of them can be further overhydrogenated to 9-H4eAN and 10-H4eAN respectively. 
Among these by-products, H4eAQH2 (and iso H4eAQH2) can be oxidized by air to produce H2O2 
and H4eAQ; H4eAQ can then be hydrogenated to H4eAQH2 directly. Thus, H4eAQ can be regarded 
as an active quinone, which, is compounded with eAQ in the industry in order to increase the 
concentration of active quinone. On the other hand, the oxidization of H8eAQH2 is too slow 
(Aksela and Paloniemi, 2005), making it useless in the synthetic process. In fact, when H4eAQ is 
compounded with eAQ in the working solution, the formation of H8eAQH2 is effectively 
suppressed because the reduction of eAQ to eAQH2 takes place prior to the hydrogenation of the 
second phenyl ring (H4eAQH2 → H8eAQH2) and the reduction of H4eAQ takes place prior to the 
hydrogenation of the eAQ (Santacesaria et al., 1994b). This means that when the eAQ is added 
into the H4eAQ working solution, provided some eAQ remains in solution during the 
hydrogenation, H4eAQ can prevent the eAQ from hydrogenolysis and eAQ can prevent H4eAQH2 
from further hydrogenation to H8eAQH2. The details of this process will be explained later. 
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Figure 2.3 Hydrogenolysis pathway of eAQH2 hydrogenation. The scheme is based on Drelinkiewicz 
and Aksela’s work. (Drelinkiewicz and Waksmundzka-Góra, 2006b, Aksela and Paloniemi, 2005) 
As shown in Figure 2.3, hydrogenolysis consists of two steps: first, the eAQH2 and its tautomer 
form, oxanthrone, are hydrogenated to intermediate 2-ethyl-9-hydroxy-10-hydroxy-
anthraquinone. Second, cleavage of C-O bonds in the hydrogenolysis of the intermediate forms 
eAN. Following further tautomerization and hydrogenolysis the eAN can then form various side-
products: 2-ethylanthrone (eAN), 2-ethylanthracene (eANT), dianthrones. None of the products 
can be oxidized to form H2O2 (Aksela and Paloniemi, 2005). These products, as well as H8eAQH2, 
are thus considered to be degradation products and represent an irreversible loss of eAQ. What 
is more, the dianthrones formed during the hydrogenolysis can irreversibly poison the catalyst 
during the cyclic anthraquinone hydrogenation (Santacesaria et al., 1994c).  
 
2.1.3 The effect of humidity 
In the manufacture of hydrogen peroxide water is formed during the hydrogenolysis and induced 
in the extraction process. Water can stick on the palladium active sites and form the 2Pd==OH2 
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bond, which will prevent the contact between reactant and active sites. This adsorption is 
competive with the adsorption of reactant on the active sites. Hence the water reversibly poison 
the palladium active sites (Santacesaria et al., 1994c).   
2ܲ݀ܪ +ܪଶܱ ⥂ 2ܲ݀ == ܱܪଶ +ܪଶ       (1) 
However, in the hydrogenation of anthraquinone the activity of the Pd catalyst improves with the 
content of water additive (Gleason and William, 1958). The phenomena is obersved by many 
researchs but none of them give a explanation. Besides this, the effect of humidity on deep 
hydrogenation has not been studied until recently. 
According to Drelinkiewicz’s work, water and humidity have a big effect on the reaction pathway 
in the deep hydrogenation of anthraquinone. However, in his reports contradictory conclusions 
were reached regarding the enhancement or suppression of hydrogenolysis (Drelinkiewicz and 
Waksmundzka-Góra, 2006a, Drelinkiewicz et al., 2005). This discrepancy may relate to the 
different supports used in the different experiments. In the earlier report the reaction was 
carried out with Pd/Al2O3 in a fixed-bed reactor, while the reaction was carried out with Pd/SiO2 
in a batch reactor in the latter. Drelinkiewicz also states that the water facilitates the formation 
of the intermediate products such as 2-ethyl-10-hydroxy-9-anthrone and 2-ethyl-9,10-dihydro-
9,10-dihydroxyanthracene. He latter also reported that hydrophobic catalysts suppress the effect 
of water and hydrogenolysis of eAQH2, hence the hydrophobic catalysts become an interesting 
topic in the hydrogenation of anthraquinone (Drelinkiewicz et al., 2007).  
2.1.4 Selection of the working solution 
The working solution used in the hydrogenation of anthraquinone is a mixture of active quinone 
and solvents. The choice of solvent depends on several factors such as the cost, hydrogenation 
stability and solubility of materials and products. 
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The 2-alky anthraquinone and corresponding anthrahydroquinone must have good solubility in 
the chosen solvents, good stability to the following oxidation, and also good availability in the 
industry. Among all the anthraquinone derivatives, eAQ is the most popular reactant used in the 
industry, other anthraquinone derivatives used for the reactions include 2-methyl anthraquinone, 
2-isopropyl anthraquinone, 2-butyl anthraquinone, 2-amyl anthraquinone etc (Kunkel et al., 
1982). 2-ethyl anthraquinone is the most popular, due to its high selectivity to active quinone 
and high activity in the primary hydrogenation. However, 2-amyl anthraquinone has become an 
increasingly popular reagent because its high solubility leads to high yield potential in the 
manufacture of H2O2 and because it is also commercially accessible (Liu et al., 2007). 
When two or more anthraquinones or anthraquinone derivatives are used the solubility of the 
mixture is significantly higher than in the case of a single component (Zhu et al., 2001). More 
commonly the mixture is composed of alkyl-anthraquinone, together with its tetrahydro 
derivatives. In addition to the improvement in solubility, the introduced tetrahydro derivatives 
lead to a faster hydrogenation speed and a slower degradation rate. 
Berglin and Schoeoen studied the mechanism of H2O2 synthesis with potentiometric analysis 
using a mixture of eAQ and its tetrahydro derivatives H4eAQ (Berglin and Schoeoen, 1983). Their 
results showed that the hydrogenation of alkyl-anthraquinone will not occur until all the 
tetrahydro derivatives have been hydrogenated. 
݁ܣܳܪଶ +ܪସ݁ܣܳ ⥂ ݁ܣܳ + ܪସ݁ܣܳܪଶ      (2) 
In equation (2) the equilibrium shifted completely to the right. Although the oxidation rate of 
H4eAQH2 is much slower than that of eAQH2, the high rate of H4eAQ hydrogenation prevents the 
hydrogenolysis of eAQH2 and hydrogenolysis will not happen on the H4eAQH2 (Gustaaf Goor, 
2012). At the same time, as mentioned before, the presence of eAQ will inhibit the 
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overhydrogenation of H4eAQH2. Thus the presence of eAQ and H4eAQ benefits the whole 
production system. 
The solvent is also an important factor in regard to affecting the anthraquinone process. The 
selected solvent must have the following five characteristics: 1) high solubility in relation to 
anthraquinone, hydrogen, and anthrahydroquinone; 2) high chemical stability against 
hydrogenation, oxidation, and hydrolysis; 3) high partition coefficient of H2O2 between H2O and 
the solvent; 4) sufficient density difference between H2O and the solvent; 5) low viscosity and 
toxicity, and a high boiling or flash point. The most practical solvent is a mixture of two 
components: polar for hydroquinone and non-polar for quinone. The non-polar component is 
usually a mixture of alkylated aromatic hydrocarbons for anthraquinone solution in industry and 
xylene or mesitylene in laboratory research. The polar component can be 2-octanol, TOP or 
methylcyclohexyl acetate (MCA) (Santacesaria et al., 1988, Drelinkiewicz et al., 2005). In addition 
to these, Hâncu and Beckman studied the use of supercritical CO2 as the solvent for the 
hydrogenation of anthraquinone (Hâncu and Beckman, 1999).  
2.1.5 Selection of the catalysts 
The hydrogenation of anthraquinone is a catalytic reaction, so the selection of the catalyst is one 
of the most important issues. 
Historically, two types of catalysts have been used in the hydrogenation of anthraquinone. One is 
a nickel catalyst, such as Raney Ni. Ni catalysts are prepared by pre-treating Ni/Al alloy with an 
alkaline solution following dehydration with aromatic hydrocarbons. In the hydrogenation of 
anthraquinone, Ni catalysts have good activity and selectivity. However, excessive hydrogenation 
usually causes rapid deactivation of Ni catalysts (Campos-Martin et al., 2006). In addition, Ni 
catalysts are sensitive to oxygen: they combust spontaneously in air and are easily oxidized but 
difficult to regenerate, which complicates the application of Ni catalysts in industry. To prevent 
contact between Ni and oxygen, after one cyclic anthraquinone process the extracted and dried 
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working solution has to pass over a decomposition catalyst to completely remove hydrogen 
peroxide (Gustaaf Goor, 2012).  
In this case, palladium-supported catalysts have been widely introduced in the anthraquinone 
process. Compared with Ni, Pd-based catalysts are more selective and relatively stable, but the 
hydrogenation of the primary product eAQH2 cannot be eliminated (Campos-Martin et al., 2006). 
Palladium catalysts are usually precipitated on the supports by liquid ion-exchange, solid ion-
exchange or impregnation. Based on different support materials the catalysts show a significant 
difference in performances (Feng et al., 2010, Drelinkiewicz et al., 2004b, Drelinkiewicz and 
Waksmundzka-Góra, 2006b). This will be explained in detail in section 2.2. 
Table 2.1 The advantages and disadvantages of Nickel and palladium catalyst 
catalyst advantage disadvantage 
Nickel 
Cheap material 
Good activity and selectivity  
Combustion in air 
Irreversible deactivation 
palladium 
Stable in air 
High activity and selectivity 
Expensive material 
 
2.1.6 Deactivation of catalysts 
Catalyst deactivation is classified by physical and chemical deactivation. This is usually caused by 
physical or chemical adsorption of side-products on the active sites during the reaction, which 
decreases the reaction rate or may even terminate the reaction. Physical deactivation can also 
be caused by erosion and damage of the structure. The catalysts can be washed away from the 
reactor and the metal can leach into the working solution. These problems cause irreversible 
catalyst loss. On the other hand, catalyst deactivation caused by physical adsorption is usually 
reversible and the catalyst can be easily regenerated. For example, the water left in the working 
solution after extraction can adsorb on the catalyst active site, the deactivation can be removed 
when the catalyst is dried. 
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According to Drelinkiewicz’s report (Drelinkiewicz, 1991c) the deactivation caused by adsorption 
can be explained by the fact that the equilibrium constant of Langmuir adsorption of side-
products is much larger than that of anthraquinone. In addition, the oxygen and H2O2 left in the 
working solution after extraction can oxidize the Raney nickel, which causes irreversible chemical 
deactivation. 
Finding ways to improve the catalysts’ stability, selectivity and the mechanical strength of the 
support will reduce the deactivation of the catalyst. 
2.1.7 Selection of the reactors 
The hydrogenation of anthraquinone is a gas, liquid and solid three-phase heterogeneous 
reaction. The design of the reactor significantly affects the mass transfer efficiency, and hence 
the selectivity of reaction and space-time yield. Generally, two types of reactors are used in 
industry: fixed-bed and fluid-bed. 
Fluid-bed reactors 
Recently, great interest has been shown in fluid-bed reactors for the hydrogenation of 
anthraquinone. Fluid-bed reactors mix powdered catalysts and reactant sufficiently to reach a 
high mass transfer efficiency. Some top hydrogen peroxide manufacturers like Degussa Huls and 
BASF have undertaken a lot of work in relation to this technology.  
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Figure 2.4 BASF hydrogenation system: a) pre-contact column; b) hydrogenator feed tank; c) 
stirred tank reactor with internal filters; d) catalyst feed tank; e) catalyst separator; f) oxidizer feed 
tank; g) safety filtration; h) pump (Gustaaf Goor, 2012) 
As shown in Figure 2.4 BASF’s plant design is based on a Raney nickel catalyst. This leads to two 
remarkable drawbacks: the selectivity to unwanted hydrogenolysis is high, and hydrogen 
peroxide must be removed by a decomposition catalyst when the working solution is recycled 
from a typical anthraquinone cycle. 
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Figure 2.5 Degussa hydrogenation system: a) reactor circulating pump; b) filter; c) loop reactor; d) 
separator; e) oxidizer feed tank; f) back flush pump (Kunkel et al., 1982) 
In 1982 a new multi-loop tubular reactor which recycles the working solution was designed by 
Degussa Huls to improve space–time yield. This system uses palladium black as the catalyst and 
overcomes the two main problems of Raney nickel. The advances also include very high 
hydrogen utility, high stability and safety of the catalyst, and easy changing and regeneration of 
palladium black. 
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Figure 2.6 Laporte hydrogenation system: a) hydrogenator; b) reactor tubes; c) internal filter; d) H2 
compressor (arnold and william, 1954) 
As shown in Figure 2.6, Laporte Chemicals have designed a tube bubble reactor based on 
supported palladium catalysts. The most widely used supports are alumina, silica and their 
compounds (Jenkins et al., 1998, Ogasawara et al., 1997, Raymond and Richard, 1963). The use 
of supported palladium catalysts in industry simplifies the filtration and recirculation procedure.  
Besides these tube reactors, continuously stirred tank reactors (CSTRs) and slurry bubble 
reactors (SBRs) are also widely applied in industry. 
Fixed-bed reactors 
In Biardi’s report, fixed-bed reactors are classified as conventional or non-conventional reactors, 
depending on the fixed modes (Biardi and Baldi, 1999). In the conventional form reactor catalysts 
are piled up as granules, as in the case of a trickle bed reactor (Ng and Chu, 1987), while in the 
non-conventional form, catalysts are loaded on the stuffing materials, such as in the case of the 
Monolith reactor (Crynes et al., 1995) and the Katapak reactor (Frank et al., 1999). 
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Figure 2.7  FMC hydrogenation system: a) hydrogenator feed pump; b) fixed-bed reactor; c) 
catalyst; d) reactor circulating pump; e) heat exchanger (Porter, 1961) 
As shown in Figure 2.7 the first fixed-bed reactor for the hydrogenation of anthraquinone was 
designed by FMC. In a fixed-bed reactor, the filtration and recirculation of the catalyst are 
avoided, but the replacement of the fixed-bed catalyst is more complicated so higher abrasion, 
selectivity, activity and easy regeneration catalysts are highly recommend.   
At the laboratory scale, however, the most popular reactor is the slurry stirred batch reactor. 
Such reactors are prevalent due to their simple design, easy control, and commercial availability. 
In this study, an HEL semibatch reactor is assembled with in situ IR detector and mass flow 
measurement system for the investigation of the hydrogenation of anthraquinone. 
In conclusion, the hydrogenation of anthraquinone involves a chain hydrogenation. The desired 
product, eAQH2, is not stable. Nickel and palladium catalyst appear to exhibit different reaction 
mechanisms. The kinetics of the reaction on palladium is still not clear.  
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2.2 Catalyst supports  
2.2.1 Zeolite  
Zeolite is a molecular sieve with a microporous structure, which is mainly composed of alumina 
and silica.  Zeolites are widely used as catalysts for cracking or catalyst support for acid-catalysed 
reaction in the petrochemical industry (Vermeiren and Gilson, 2009). However, the microporous 
structure inhibits the mass transfer and adsorption of big molecules. For example, the 
microporous channel can lead to low accessibility to the reactants (van Donk et al., 2005) and it 
may adsorb unwanted intermediate products which cause side-reactions during the catalysis 
(van Donk et al., 2001). It is therefore highly desirable to modify the structure of zeolites in order 
to overcome these drawbacks. 
2.2.2 Modification of zeolites 
A simple way to overcome the drawback of the microporous structure of zeolites is to induce 
secondary mesoporous structure into zeolites. Destructive synthesis is an effective method that 
is widely used on zeolite (Chal et al., 2011). Because zeolites are usually compounds of silica and 
alumina extracting silicon or aluminium atoms from the framework can form secondary 
mesoporous structures, and it can also make it possible to retain the original frame. Destructive 
synthesis includes dealumination and desilication.  
Dealumination  
Dealumination techniques include steam treatment and chemical treatment. Both of these can 
increase the Si/Al ratio and enhance the zeolites’ stability and acidity. 
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Figure 2.8 Reactions of hydrothermal treatment: (a) extraction of Al; (b) addition of Si (van Donk et 
al., 2003) 
Figure.2.8 shows the hydrothermal treatment of zeolite. Steam treatment is usually operated at 
temperatures above 500°C: the high temperature improves the mobility of Si and Al atoms 
(Moreno and Poncelet, 1997). The Al atoms are subsequently extracted from the zeolite 
framework by hydrolysis of Si-O-Al bonds and the vacancy of Al atoms form defects with four 
hydroxyls. Some of these are then occupied by the Si atoms, which migrate at the high 
temperature. The multiple remaining defects and secondary cavities formed by Si migration 
generate mesoporous structures (van Donk et al., 2003). 
Steam treatment may leave aluminium atoms in the mesopores generated, which form extra-
framework aluminium (EFAl). The EFAl may inhibit the catalytic activity. Thus, mild acid leaching 
is required after the steam treatment in order to remove the EFAl. 
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Compared to steam treatment, aqueous acids accelerate the hydrolysis of Al-O-Si bonds and also 
extract aluminium atoms from the remaining structure. The acid leaching is highly dependent on 
the zeolite structure and acid type. Inorganic acids with a high level of acidity usually remove 
most of the aluminium atoms and sometimes cause the collapse of the zeolite structure. On the 
other hand, organic acids do not have as strong acidity as mineral acids – by adjusting the PH 
during the dealumination process, they can remove some of the Al atoms from zeolites, while 
retaining  the framework of the zeolite (Lee and Rees, 1987). 
Desilication 
 
Figure 2.9 A simplified pattern of the impact of Al content on the performance of ZSM-5 
desilication (Groen et al., 2004a) 
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Another kind of destructive strategy for zeolite is desilication. Desilication of zeolite was first 
used to reduce the Si/Al ratio without changing the acidity (Millar and Garces, 1997, Drake and 
Wu, 1999, Ogura et al., 2000, Lietz et al., 1994). Recently, Groen has found that desilication is a 
good method for forming mesopores on microporous zeolite (Groen et al., 2004b, Groen et al., 
2004a). As shown in Figure 2.9, this method is suitable with zeolite containing a certain level of 
Al, especially where the Si/Al ratio is in the range of 25–50.  
2.2.3 Alumina supports 
Alumina is a conventional catalyst support in the industry: it is widely used as a cheap and easy-
to-access material. Palladium on alumina is a commercial catalyst that is manufactured for many 
different reactions. 
In the manufacture of hydrogen peroxide, palladium on alumina is used in the hydrogenation of 
anthraquinone. The alumina spheres have a major crystalline structure, in the form of delta 
alumina, theta alumina or mixtures of delta alumina and theta alumina: these alumina spheres 
have pore diameters smaller than 60 nanometers and are substantially free of alpha alumina, 
gamma alumina (Lambertville, 1971, Keith et al., 1972). Later, Jenkins reported that a palladium 
catalyst with a support containing 5%–99% alpha alumina has been designed for the 
hydrogenation of anthraquinone (Jenkins, 1989). Recent research shows that gamma alumina 
can also work well in the hydrogenation of anthraquinone (Tang et al., 2014, Feng et al., 2010, 
Kosydar et al., 2011, Chen et al., 2015). In the interests of economy and easy access, in our study 
alpha and gamma alumina are selected for the reaction. A commercial Pd catalyst on gamma 
alumina has also been studied. Compared to alpha alumina, gamma alumina is widely used as a 
catalyst support in the industry because, its high surface area improves the reaction rate. 
However, there are some situations in which alpha alumina is preferred in the catalytic reactions. 
This is because when the reaction takes place at a very high temperature the structure of gamma 
alumina may collapse and the catalyst will be damaged during the reaction, while alpha alumina 
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is stable even at 1100°C – 500°C higher than gamma alumina (Tang et al., 2014, Feng et al., 2010). 
In this case, in a high temperature reaction alpha alumina is an essential catalyst support. In the 
hydrogenation of anthraquinone in industry since the reaction only takes place at 30°C to 70°C, 
gamma alumina is obviously the better choice for catalyst support. However, we used palladium 
on alpha alumina as a control group. 
2.2.4 Silica supports 
Along with alumina, silica is also a conventional support for catalysts. Compared to the 
microporous structure in zeolite, silica supports usually have a mesoporous structure. Based on 
commercial availability, two kinds of silica are chosen in our research: SBA15 and MCM41. Both 
have been the subject of interest in the industry in the past decade due to their ordered channel 
structure, narrow pore size distribution, high surface area, and their high pore volume (as shown 
in Figure 2.10). 
 
Figure 2.10 TEM image of MCM-41 and SBA-15; a, c taken along the direction (0 0 1); b, d taken 
along the direction (1 1 0) (Ghedini et al., 2010) 
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In the hydrogenation of anthraquinone, silica supported palladium catalysts are also a popular 
research topic (Edvinsson Albers et al., 2001, Feng et al., 2010, Halder and Lawal, 2007, 
Drelinkiewicz, 1992). They have a better selectivity to active quinone (eAQ and H4eAQ) and 
resistance to deactivation compared to alumina supported palladium catalysts (Drelinkiewicz et 
al., 2004a). Although the mechanism for this cannot be explained yet, it has meant a high level of 
interest exists regarding silica supported catalysts. Silica supports are also used for nickel 
catalysts for the hydrogenation of anthraquinone. In 2003 Chen and co-workers reported a Ni-
B/SBA-15 catalyst. On the Ni–B/SBA-15 catalyst, the hydrogenation of the aromatic ring in eAQ is 
essentially suppressed, leading to a high yield of H2O2 and less consumption of eAQ. H4eAQ is 
also the only side-product: degradation products are not detected by HPLC even after 240 
minutes of reaction. The unique characters of the amorphous alloy and the pore structure of the 
mesoporous SBA-15 molecular sieve are crucial to its excellent catalytic behaviour (Chen et al., 
2003). 
MCM41 is not very popular, due to its smaller pore size and lower thermal stability compared to 
SBA15. However, Lindlar and coworkders were able to overcome these shortcomings by using 
pH-controlled synthesis to increase the thermal stability (Lindlar et al., 2000). The MCM41 used 
in this research was prepared using the same procedure described in the works referred to 
above. 
SBA15 was prepared by using self-assembling on Pluronic P123 triblock as a template and with 
TEOS as the silicon source in a hydrochloric acid solution, based on Zhao’s method (Abate et al., 
2011, Zhao et al., 2000, Ghedini et al., 2010, Zhao et al., 1998). 
2.2.5 Hydrophobic supports 
Monolayer grafting is a powerful method for surface modification. The grafted products show 
highly hydrophobic features.  
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In 1997 Feng and co-workers published a paper that reported a method for grafting 
functionalized monolayers on ordered mesoporous silica (Feng et al., 1997). They grafted 
mercaptopropylsilane on the mesoporous silica. The functionalized mesoporous material was 
then used for waste treatment to effectively remove mercury and other heavy metals from 
waste streams. The surface coverage can be systematically varied to 76%, and this method can 
be modified in order to tailor porous material that has the desired surface properties.  
Fadeev and McCarthy used alkyldimethylchlorosilane monolayers grafted on silicon wafers and 
made a hydrophobic material (Fadeev and McCarthy, 1999). They compared three different 
methods of grafting: in the vapour phase at 60–70°C; in toluene in the presence of 
ethyldiisopropylamine at room temperature; and at an elevated temperature of 60–70°C. They 
point out that the highest contact angle is achieved by using vapour treatment. A series of 
H(CH2)nMeSi monolayers were grafted on the silicon and the results show that the water contact 
angles are independent of the chain length but the contact angles of n-hexadecane and 
methylene iodide decrease as the chain increases in length. This indicates that water cannot 
penetrate the monolayer but organic fluids penetrate the monolayer and interact with resident 
silanols. Thus the hydrophobization is achieved topologically.  
Masteri-Farahani and co-workers successfully made a new epoxidation catalyst based on 
functionalized MCM41 (Masteri-Farahani et al., 2006). They first grafted 3-chloropropyl 
trimethoxylsilane on the Si-MCM41 and then the grafted Si-MCMC41 reacted with N,N’-bis(3-
salicylidenaminopropyl)amine (salpr) to salpr/Si-MCM41. After this, the salpr/Si-MCM41 was 
further reacted with MoO2(acac)2 to form the catalyst MoO2(salpr)/Si-MCM41. The new catalyst 
shows a 95%–99% selectivity in the epoxidation of 1-hexene, 1-octene, cyclohexene and 
cyclooctene with tert-butylhydroperoxide. 
Bernardoni and co-workers (Bernardoni et al., 2008) studied the effect of curvature on the 
grafting of monolayers. A series of covalently attached monolayers, CnH2n+1Si(CH3)2N(CH3)2 (n=1-
51 
 
30), were grafted on Silicas with convex, concave, and nearly flat surfaces. The results were 
largely determined by the steric effects. This shows that the relationship of the energy of 
adsorption interaction on the three different kinds of substrates is concave surface > flat surface > 
convex surface. 
To overcome the disadvantage of the low acidity level, Lindlar and co-workers grafted phenyl 
group on MCM41 and M41S in two gas phase grafting and one liquid phase grafting. The grafting 
method performed in the liquid phase has the inherent advantage of increasing the functional 
groups grafted on the surface. The liquid phase grafting procedure originated from Feng’s work 
(Feng et al., 1997) and was also optimized. 30-minute water pre-treatment, removal of 1.4 ml 
excess water per g M41S, and a one-hour refluxing time was chosen to achieve the best 
condition (Lindlar et al., 2002).  
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Figure 2.11 Hydrophobic modification made by co-condensation and grafting (Bernardoni and 
Fadeev, 2011) 
To obtain a hydrophobic surface, alkylsilane groups were grafted on SBA-15 by three different 
methods: co-condensation, and post-synthesis grafting with covalently-attached monolayers 
(CAMs) and self-assembled monolayers (SAMs). In the co-condensation method, the 
alkyltriethoxysilane was added after the TEOS during the synthesis procedure. In the grafting 
with CAMs, the synthesized SBA15 was reacted with (N, N-dimethyl-amino)-alkyl-dimethylsilanes. 
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In the grafting with SAMs, the SBA15 was reacted with alkyltriethoxysilanes. The results, shown 
in Figure 2.11, reveal that grafting of both CAMs and SAMs made a super hydrophobic material, 
and that co-condensation is not an effective method (Bernardoni and Fadeev, 2011). Obviously, 
the grafting method is much better than the condensation. Compared to SAMs, CAMs are easier 
to operate.  
Based on the papers referred to above, MCM41 is grafted by alkyltrimethoxysilane. 
In summary, zeolites, modified zeolites, alpha alumina, gamma alumina, SBA15, MCM41 and 
hydrophobic grafted silica supports are introduced as the support of the palladium catalyst. A 
summary of catalysts used in the literature were listed in Appendix I.  
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2.3 Synthesis methods 
Palladium catalysts were made by three different ways, including impregnation (incipient 
wetness), liquid ion-exchange and solid ion-exchange (physical mixing).  
2.3.1 Solid ion-exchange 
Solid ion-exchange, also known as physical mixing, is a widely used method for loading palladium 
on different supports. In Stolz’s report (Stolz et al., 1998) the mixture of selected support and 
catalyst precursor is first 'gentle grinding' by hand-mixing in a mortar for 15 minutes and 'strong 
grinding' in a planetary micro mill for another 15 minutes.  It is also stated that the incorporation 
of palladium and the support was much weaker when Pd(NO3)2 was used as the palladium 
precursor than when PdCl2 and Pd(NH3)4Cl2 was used. 
2.3.2 Liquid ion-exchange 
Liquid ion-exchange is a conventional method for loading palladium on supports. Ammoniated 
palladium ion complexes are commonly used for liquid ion-exchange, because they can easily 
load on different supports. Many papers describe the process of using tetraamine palladium in 
the liquid ion-exchange. Scarano prepared 4 wt% Pd-Y catalysts by liquid ion-exchange of NH4–
Na–Y zeolite with [Pd(NH3)4](NO3)2 solution (Scarano et al., 2006). This 4 wt% Pd-Y catalyst 
complex shows a high affinity to hydrogen; thus it was found to be a potential storage material 
for hydrogen. Scarano stated that palladium atoms on the zeolite structure could help hydrogen 
to overcome the high potential barrier (26 kJ/mol) when H2 crossed the six-membered rings, 
which helps the spillover hydrogen to migrate into the sodalite cages at room temperature. This 
special property of Pd-zeolite can also benefit in hydrogenation when it is used as a catalyst. 
2.3.3 Impregnation 
Impregnation is an economical method for palladium catalyst synthesis: the utilization of Pd is 
nearly 100% in the impregnation method, which is very important as this is an expensive 
material. Tidahy and co-workers synthesized a 0.5wt.% Pd catalyst by using the incipient wetness 
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method: a dilute solution of Pd(NO3)2 was impregnated on the Y zeolite (Tidahy et al., 2007). The 
catalysts achieved an ideal dispersion of Pd particles and showed very good activity to toluene 
total oxidation. 
Another impregnation method is similar to the liquid ion-exchange procedure (Maeda et al., 
1997). The support material was added into the PdCl2 aqueous solution and the vessel was 
heated to evaporate the excess water. When the Pd solution evaporates in the vessel some 
palladium remained on the wall of the vessel, which led to a waste of the palladium and a 
concentration gradient in the support material. 
2.3.4 Calcination process 
After the loading of palladium on the different supports, the palladium is fixed on the support by 
a calcination process. Calcination is the most important procedure as regards governing the 
particle size of palladium on the support surface. During calcination metal ions migrate to the 
locations that have better electrostatic stability and stronger coordination to lattice oxygen 
atoms (Homeyer and Sachtler, 1989). 
In 1992 Zhang studied how the calcination temperature affects the Pd ions (Zhang et al., 1992). 
Calcination was carried on Pd(NH3)4(NO3)2 loaded Y zeolite in a oxygen evironment. The 
calcination temperature determined the location of the Pd ions. At 250 °C, the Pd(NH3)22+ 
complexes formed in the ion-exchange were only observed in the supercages. At 300°C, the 
complexes were decomposed into Pd2+ ions which are small enough to migrate into the sodalite 
cages. The Pd2+ ions are then reduced to mono-atomically dispersed palladium at 200°C. The 
reduced Pd atoms migrate back into the supercages at a temperature from 250°C to 350°C. The 
heating rate affects the type of Pd particles formed. When the heating rate was 0.5°C/min, only 
Pd2+ ions formed at ion-exchange sites and the samples displayed a pink colour. When the 
heating rate above 1°C/min was chosen, the formation of PdO particles gave rise to a brown 
colour. This difference is consistent with Homeyer’s report (Homeyer and Sachtler, 1989), in 
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which it is stated that particle nucleation and growth rates affect the size of the palladium 
particle. The following steps explained the possible reactions occurred during this procedure.  
Release of ammonia:	 
ܲ݀(ܰܪଷ)ସ(௭௘௢)
ଶା → ܲ݀(௭௘௢)
ଶା + 4ܰܪଷ(௚)      (3) 
Oxidation of ammine ligands: 
ܲ݀(ܰܪଷ)ସ(௭௘௢)
ଶା +
ଷ
ଶ
ܱଶ(௚) → ܲ݀(௭௘௢)
ଶା + 2 ଶܰ(௚) + 3ܪଶ (ܱ௚)    (4) 
Auto-reduction of Pd by ammonia: 
ܲ݀(ܰܪଷ)ସ(௭௘௢)
ଶା → ܲ݀଴ + 2ܰܪଷ(௚) + ଶܰ(௚) + 2ܪଶ(௚) + 2ܪ(௭௘௢)
ା    (5) 
This means that when the temperature is increased too fast, the reaction follows equation (5): 
Pd0 forms fast and aggregates to large particles. On the other hand, when the heat rate is low 
enough, the reaction will follow equation (3) and (4), which forms Pd2+ and a better palladium 
dispersion is achieved. 
2.3.5 Microwave treatment 
For functionalized silica support, calcination will destroy the organic functional group. Thus, 
microwave treatment was carried out instead of calcination. 
Microwave heating is a new and effective method for the preparation of catalysts, which can 
provide rapid drying, uniform distribution of metal in the support, physically strong pellets, and 
high activity of catalyst (Berry et al., 2000). In Berry’s paper, a Pd/Al2O3 catalyst was made first by 
impregnation of palladium nitrate on gamma alumina, and then was irradiated in a microwave 
oven for five minutes at 650W. This catalyst was then compared with the catalyst prepared by 
calcination. The results show that microwave heating changed the crystallite to a smaller size 
and increased the activity of hydrodechlorination of chlorobenzene. 
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Compared to the conventional method, microwave-assisted synthesis of the catalyst is more 
environmentally friendly and less energy demanding. Microwave irradiation allows uniform 
heating, which can produce a more homogeneous nucleation site. The rapid treatment not only 
enormously reduces the reaction time but also leads to a high dispersion of nanoparticles, which 
gives rise to high selectivity and activity. Microwave irradiation also provides a mild environment 
solution for catalysts that are not stable at high temperatures (Galletti et al., 2010). 
In conclusion, in this section we have reviewed a range of palladium loading methods including 
impregnation, liquid, and solid ion-exchange, and catalyst synthesis methods, including 
calcination and microwave irradiation. All the different methods will be used and compared in 
this study. 
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2.4 IR in situ detection 
IR in situ detection is a powerful analytic technique in the study of reactions. It is a good solution 
for the problem of unstable product detection. It can also assist to reveal some ambiguous 
reaction mechanisms. In recent years considerable advances in regard to the level of 
experimental facilities and computer analysis methods have made in situ investigation possible 
and have helped researchers to determine the real structure of intermediates.  
2.4.1 In situ detection  
In 1982 Blackmond and coworkers used in situ IR to monitor the changes on the catalyst surface 
during reactions. This helped to reveal the mechanism of catalyst deactivation by coking during 
the cracking reaction. This could only be achieved by in situ detection. Blackmomd’s work 
revealed a new use for in situ IR detection (Blackmond et al., 1982a). 
2.4.2 Intermediate detection 
A review of in situ IR used in intermediates research was published in 1995 (Matyshak and Krylov, 
1995). This offers a summary of different methods of molecular spectroscopy and different 
heterogeneous oxidization catalysis reactions. The researchers focused on the catalyst surface 
and were limited by the design of reactors, which is a typical problem that inhibits IR utility. The 
review summarized that the identification of intermediates must be deduced hypothetically. 
However, this was nevertheless a big step in the progress towards the establishment of the 
mechanisms of catalytic reactions and the potential of using in situ IR to study intermediates 
during reactions was highlighted.  
2.4.3 In situ IR for kinetic 
Later, in 1997, by using a spectrokinetic method, the Cu2+-O-N=O complex was proved to be the 
true intermediate in the NOx reduction with propane. It was also established that the 
intermediate transformation rate appeared to be equal to the reaction rate, which means it is 
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the rate-determining stage (Matyshak et al., 1997). This report conclusively demonstrated the 
potential for using IR in situ detection for the evaluation of reaction mechanism.  
In 2004 a big improvement was achieved: multivariate curve resolution was successfully applied 
to in situ IR detection, which enabled the quantitative determination of the imine, amine, and 
carbon dioxide in the complex CATHy reaction in situ and without calibration (Richards et al., 
2004). This new method replaced the conventional HPLC method, which needs constant sampling, 
and pre-calibration before reaction. In this case, the in situ IR showed its potential as a good 
method for the study of the hydrogenation of anthraquinone, as the primary product and most 
of the side-products during the hydrogenation of anthraquinone are not commercially available. 
However, without the standards of these products, calibration cannot be achieved in the in situ 
IR detection. 
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Figure 2.12 Time-resolved IR bands of CO (adsorbed) produced during methanol oxidation on Pt 
film electrode: (a) in the first 50 seconds after switching from 0.1 M HClO4 to 0.1 M HClO4 + 2 M 
MeOH; and (b) in the first 50 seconds after switching back to 0.1 M HClO4. (Liao et al., 2011) 
Most of the time, in situ IR is only used as a detector. In order to reveal the mechanism of 
methanol oxidation at Pt electrodes, in situ IR was used to detect the intermediate CO. There are 
two hypotheses regarding the methanol oxidation kinetic. One is the Langmuir-Hinshelwood 
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mechanism: this argues that methanol is first dehydrogenated to CO that is adsorbed on the Pt 
surface as an intermediate and then the CO is oxidized to form CO2. Another hypothesis relates 
to the direct pathway going through non-CO adsorption. Liao and co-workers first built a 
quantitative relationship between the surface coverage of CO and the IR band intensity of CO 
experimentally, then by monitoring the IR band intensities, as shown in Figure 2.12, the 
mechanism of methanol dehydrogenation and CO oxidation was proved to follow the Langmuir-
Hinshelwood mechanism (Liao et al., 2011).   
The in situ detection is not limited at the surface of the solid catalyst in heterogeneous catalysis 
reactions: it also works on homogeneous catalysts. In the Cu-catalysed C-C coupling reaction, β-
dikentone Cu(I) is believed to be the active catalyst. However, the Cu(I) species could rapidly 
decompose to the species Cu(II) and Cu(0). In situ IR has played a critical role in research that has 
sought to prove the existence of Cu(I). In He’s report, the Cu(I) is detected in the IR spectra and 
its immediate consumption explained the mechanism of the Cu catalysis reaction (He et al., 
2013). 
 
Figure 2.13 The agreement of IR and GC detection (Baxter and Blackmond, 2013)   
Recently, Baxter and Blackmond published a paper relating to using in situ IR to study the kinetic 
of trifluoromethylation of caffeine with Zn(SO2CF3)2 (Baxter and Blackmond, 2013). Based on the 
reaction progress kinetic analysis theory (Blackmond, 2005), the reaction progress was then 
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recorded by in situ IR. IR was first calibrated by reference to the concentration of standard 
samples and then the absorbance values were converted to molar concentration. The spectra 
were taken every 30 seconds during the reaction. Figure 2.13 shows that an excellent agreement 
was achieved between spectroscopic and compositional analysis, which proves the ability of 
quantitative analysis by in situ IR.   
2.4.4 In situ IR for eAQ hydrogenation 
In conclusion, using FTIR for in situ kinetic study has been achieved by pioneers. In the present 
work, eAQ is hydrogenated to eAQH2, where the C=O bond on eAQ is hydrogenated to C-O-H in 
eAQH2. These two functional groups can be readily distinguished by IR. Hence, the 
hydrogenation process can be monitored by in situ IR detection. Furthermore, in situ IR has the 
potential to be used for kinetic research: this provides another solution for measuring the rate of 
the hydrogenation of anthraquinone. In eAQ hydrogenation, eAQH2 is formed but can be further 
hydrogenated to form other products. Although the reaction rate for eAQH2 hydrogenation is 
not comparable to the hydrogenation rate of eAQ, degradation of the eAQH2 makes the unstable 
product an intermedium-like chemical in the hydrogenation chain. If an intermediate can be 
captured by in situ IR, then eAQH2 can also be captured. Previous works listed above have 
established the advantage of using IR in situ detection in the investigation of eAQ hydrogenation.  
2.5 Summary  
The primary product of eAQ hydrogenation, eAQH2, can be hydrogenated to many by-products. 
The kinetics of the reaction on palladium catalyst is still not clear. The catalysts and reactors 
used in the literature along with their reaction condition are summarized in Appendxi I. 
Zeolites, modified zeolites, alpha alumina, gamma alumina, SBA15, MCM41 and hydrophobic 
grafted silica supports are introduced as the supports of the palladium catalyst in this research.  
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Impregnation, liquid, and solid ion-exchange were used for catalyst synthesis. Calcination and 
microwave irradiation were used for palladium relocation.  
In situ IR has been used for kinetic study in many other reactions. In this reaction, the C=O bond 
on eAQ is hydrogenated to C-O-H in eAQH2. These two functional groups can be readily 
distinguished by IR. This provides another solution for monitoring the hydrogenation of 
anthraquinone. In situ IR shows advantages in the investigation of eAQ hydrogenation when 
compared with the conventional methods. 
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Chapter 3 Catalysts synthesis 
and characterization 
 
3.1 Introduction 
Hydrogenation of anthraquinone is a catalysed reaction. Catalyst plays a vital role in the 
hydrogenation. In general, the catalysts that are used in the hydrogenation of anthraquinone can 
be classified into two different groups: nickel-based catalysts and palladium-based catalysts. 
Nickel-based catalysts were first introduced in this reaction in 1935, in the report of Riedl and 
Pfleiderer (Pfleiderer and Riedl, 1939). Although nickel-based catalysts have great advantages, 
like high activity and selectivity and relatively lower cost, their disadvantage is critical: nickel’s 
high affinity to oxygen means it is easily oxidized, leading to complete loss in its activity when 
exposed to air. This prevents its application in industrial processes. On the other hand, palladium 
is a noble metal, its higher stability and selectivity make it more popular in hydrogen peroxide 
manufacture (Campos-Martin et al., 2006). Although pure palladium black is also used in the 
industry, most of the palladium is used by loading it on different supports. This not only increases 
the mechanical strength of palladium catalysts but also adds different chemical properties to the 
catalysts (Gustaaf Goor, 2012). In industry, the supports for palladium used in the hydrogenation 
catalysis can be classified into three types: alumina, silica and zeolites.  
3.1.1 Alumina support 
Palladium on alumina catalysts are widely used in the chemical industry, as alumina is a cheap 
and readily available material. Delta-alumina, theta-alumina, mixtures of delta-alumina and 
theta-alumina (Lambertville, 1971, Keith et al., 1972), and alpha and gamma alumina are all 
introduced as palladium supports in the hydrogenation of anthraquinone (Jenkins, 1989, Kosydar 
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et al., 2011). In this research, gamma alumina and alpha alumina were used as palladium 
supports and their activity was compared. 
3.1.2 Silica support 
Silica is also a conventional support for palladium catalysts. SBA15 and MCM41 both have a 
mesoporous structure and were chosen in our research. Their ordered channel structure, narrow 
pore size distribution, high surface area and pore volume make them ideal catalyst supports. 
Some researchers have previously used silica-supported palladium catalysts in the hydrogenation 
of anthraquinone (Edvinsson Albers et al., 2001, Feng et al., 2010, Halder and Lawal, 2007, 
Drelinkiewicz, 1992). SBA15 has also been used as the nickel support in the hydrogenation of 
anthraquinone and shows high selectivity to active quinone (Chen et al., 2003). MCM41 has not 
been used in this reaction so far. One of its drawbacks is that it has a smaller pore size and lower 
thermal stability compared to SBA15. In order to increase the thermal stability, pH-controlled 
synthesis was used to make MCM41 as palladium supports, following Lindlar’s reports (Lindlar et 
al., 2000, Lindlar et al., 2001). In this research, palladium catalysts were investigated in the 
hydrogenation of anthraquinone, using SBA15 and MCM41 as supports. 
3.1.3 Zeolite support 
Usually, zeolites are used as a catalyst for cracking in the petrochemical industry. Zeolites are also 
very popular as a catalyst support in the industry. Due to their regular structures, variety of 
structural types and adjustable silica-alumina ratio, zeolites can be tuned for a specific reaction. 
So our aim is to try to test the suitability of zeolites for the hydrogenation of anthraquinone. The 
microporous structure of zeolites hinders the diffusion and adsorption of reactants (van Donk et 
al., 2005) and unwanted adsorption of intermediate products causes side reactions (van Donk et 
al., 2001). Thus, zeolite modification is necessary, to introduce a secondary mesoporous structure. 
Two easily accessible destructive techniques were used in this study, including steam treatment 
and chemical treatment. The details regarding zeolite modification are explained in section 2.2.2. 
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3.1.4 Hydrophobic supports 
According to Drelinkiewicz’s work, water and humidity have a big effect on the reaction pathway 
in the deep hydrogenation of anthraquinone. Their work has shown that hydrophobic supports 
can suppress the deep hydrogenation (Drelinkiewicz et al., 2007). This may be because the 
hydrophobic support repels the hydrogenation product eAQH2. Hence, hydrophobic supports are 
an interesting topic in the study of hydrogenation of anthraquinone. Hydrophobic modification 
based on monolayer grafting on silica support was compared (details are discussed in section 2.4). 
Monolayer grafted material shows a much better hydrophobic property than material made by 
condensation (Bernardoni and Fadeev, 2011) and based on Lindlar’s work (Lindlar et al., 2002), 
MCM41 is grafted with alkyltrimethyoxysilane. Methyl, butyl and phenyl groups were chosen for 
the grafting. 
3.2 Catalyst supports and other chemicals 
The supports are mainly classified into four groups: Alumina, silica, zeolite and monolayer grafted 
silica. All the materials were used as received from suppliers (see details in Appendix II). 
3.2.1 Alumina 
Two types of alumina were selected for the reaction: alpha alumina and gamma alumina used as 
purchased.  
3.2.2 Silica 
Two kinds of silica with a mesoporous structure were chosen in our research: SBA15 and MCM41. 
These have been the subject of interest by industry in the past decade.  
SBA15 was synthesized following literature reports (Abate et al., 2011, Zhao et al., 2000, Ghedini 
et al., 2010, Zhao et al., 1998): 
4g of P123 was dissolved in 30g DI water and mixed with 17g KCl and 120g HCl (2 mol/L) at room 
temperature. Then, 8.5g of TEOS was added into the P123 solution. The mixture was well mixed 
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with a magnetic stirrer for 30 minutes and kept still overnight. The standing gel was aged at 
100 °C for 24 hrs. After being cooled to room temperature, the gel was filtered and washed with 
ethanol repeatedly. It was then dried at room temperature before the powder was calcined at 
550 °C for 6 hrs to remove the organic matter remaining in the mesoporous. The SBA15 was 
cooled down and ready to use.  
MCM41 was synthesized based on Lindlar’s work (Lindlar et al., 2000, Lindlar et al., 2001). 
37.2g 25% hexadecyltrimethylammonium chloride solution was mixed with 0.6g (25%) 
ammonium hydroxide solution and 21.6g DI water. The mixture was well stirred for 30 minutes 
before the 52.6g Na2SiO3 solution with 1.4g Cab-osil M5 and 52.6g DI water were added under 
vigorous agitation. The mixture was stirred for at least one hour until it became homogenous. 
The mixture was then transferred to polypropylene bottles and heated at 100°C. After 24 hours 
of heating the gel was cooled to room temperature and the PH was adjusted by acetic acid to 
11±0.1. The bottle was resealed after PH adjustment and heated for another 24h. The adjustment 
was repeated every 24 hrs for four days. After four days the gel was filtered and washed with 1.5 
liters of DI water and 0.3 liters of ethanol. The washed silica cake was then dried overnight at 
50°C and at 6kpa in a vacuum. The dried powder was then put into a calcination oven, the 
heating program was 5°C/min from room temperature to 120°C and then held at this 
temperature for three hours. It then heated 1°C/min to 540°C and held the temperature for four 
hours. After cooling down, the MCM41 was ready to use as a catalyst support.  
3.2.3 Zeolite 
Considering that the catalyst was designated for industrial usage, the choice of zeolites was 
decided by reference to commercial availability. Zeolite Y, mordenite and Beta zeolite all have a 
large 12-membered ring, pore openings with a diameter around 7.4 Å. ZSM-5 has a 10-membered 
ring with a pore diameter of about 5.4 Å. These zeolites were first chosen for the supports used 
as purchased. 
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3.2.4 Zeolite modification 
Destructive techniques include dealumination and desilication. Dealumination is suitable for high 
aluminium containing zeolite while desilication is suitable for a zeolite with Si/Al ratio range 
around 5-20.  
NaY zeolite is a high aluminum containing zeolite, with a Si/Al ratio of 3.6, so it is ideal for 
dealumination. In this study, NaY zeolite was dealuminated using two strategies. 
The first strategy was direct acid leaching. 5g of NaY zeolite was added into 50ml 0.2M aqueous 
solution of NH4NO3 under vigorous stirring. Then 2g oxalic acid was added into the slurry. After 
stirring for one hour at room temperature, the sample was centrifuged and washed with 
deionized water until the PH of the solution achieved around 7. The solid sample was then dried 
at 120°C overnight, the sample collected was named Y-DAL (Y after Direct Acid Leaching). The 
procedure was believed to achieve the best dealumination effect and the least damage to the 
zeolite framework (Drake and Wu, 1999).  
Another strategy was using steam treatment before acid leaching. At first, 5g NaY zeolite was 
added in 50ml, 0.2 M NH4NO3 solution at 80°C for four hours, in order to ion exchange the 
sodium by ammonium. Then the sample was separated and dried before being placed in an oven. 
The steaming process was carried out by heating the oven from room temperature to 500°C at 
15°C /min for two to six hours for different groups. The ammonium ions on the Y zeolite were 
then decomposed in situ. The vapor was induced in two different ways: self-steaming and 
nitrogen steaming. In nitrogen steaming, the nitrogen was moisted before flowing into the oven, 
using a flow rate of 100ml/min. In the self-steaming, the dried sample was first wetted by water 
and then was placed in a crucible with a cap. Hence, vapour was formed in situ by the water 
evaporation at the increased temperature. After the steam treatment, acid leaching was carried 
out using the same procedure as was applied in the direct leaching mentioned above. The 
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collected sample was named Y-SSAL (Y after Self-Steaming and Acid Leaching) and Y-NSAL (Y after 
Nitrogen Steaming and Acid Leaching), respectively. 
With a Si/Al ratio of 6.7, FM8 (mordenite) has the potential to suit both dealumination and 
desilication. In the research, FM8 was dealuminated by direct acid leaching and desilicated by 
base leaching. 
The acid leaching of FM8 was carried out following a similar procedure to that applied on NaY. 5g 
of FM8 was added in a 100ml pre-heated 6M oxalic acid solution with vigorous stirring at 80°C for 
six hours. The sample was then separated and washed with deionized water until the pH of the 
solution was around about 7. The solid sample was dried at 120°C overnight, and the achieved 
sample was named FM8-AL (FM8 after Acid Leaching).  
Desilication of FM8 was achieved by base leaching. 2g of FM8 was added in 100 ml pre-heated 1 
M NaOH solution with vigorous stirring at 70 °C for 30 min. The sample was then filtered, washed 
by deionized water and dried at 120°C overnight. The collected sample was named FM8-BL (FM8 
after Base Leaching). 
3.2.5 Monolayer grafted silica 
Organic monolayer grafting on silica surface is a very useful technique. Many differences of 
functional groups can be chosen for different purposes. In our research, based on Feng and 
Lindlar’s work (Feng et al., 1997, Lindlar et al., 2002), alkyltrimethoxysilane was chosen as the 
grafting agent. Considering the silica pore size and commercial availability methyl, butyl and 
phenyl groups were chosen for study. The synthesis process for the different functional groups is 
similar. The following process using phenyltrimethoxysilane synthesis is given as an example. 
The same method was followed for grafting of MCM41. The silica support was first refluxed in 
deionized water for one hour in order to form a Si-OH bond. After cooling down, the gel was 
filtrated and dried in a vacuum oven at 60°C for 24 hours to remove the excess water. The 
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hydrated powder was suspended in 250ml toluene and stirred vigorously at room temperature 
for two hours to remove the water totally from the silica. After adding 2ml 
phenyltrimethoxysilane into the solution, the mixture was well mixed for 14 hours at room 
temperature and refluxed for one hour. Then the boiling solution was cooled to room 
temperature and the gel was filtered and copiously washed with ethanol, 2-propanol and toluene 
to remove any unreacted organo-silane. After being dried at 110°C in a vacuum, the sample was 
collected and ready to use as the catalyst support.   
3.3 Palladium loading 
Three different methods were studied to prepare the Pd based catalysts: 1) impregnation; 2) 
liquid ion exchange; and 3) solid ion exchange. The processes used to load Pd on different 
supports are similar. The following process using zeolite is given as an example. 
3.3.1 Liquid ion exchange 
0.5g zeolite was dried overnight at 120°C in a vacuum. It was then put into a 50ml flask with 
500mg 10% wt aqueous Pd(NH3)4(NO3)2 solution and then the mixture was stirred overnight at 
room temperature. After filtration, the sample was dried at 120°C overnight, and then the sample 
was stored in a sample tube before being calcined in an oven. For calcination, the sample was 
heated from room temperature to 250°C in static air with a heating rate of 0.5ºC/min and then 
held at that temperature for four hours. 
3.3.2 Solid-state ion exchange 
5g zeolite was dried at 120°C in a vacuum overnight. 0.25g palladium nitrate powder was added 
into the zeolite and was mixed using a mortar. In the beginning, the sample was mixed gently by 
hand for 15 minutes and then mixed powerfully by hand for another 15 minutes. The samples 
were then dried overnight at 80°C before calcination. It was calcined in an oven from room 
temperature to 350°C using a heating rate of 8°C/min and then the temperature was held at 
350°C for four hours. 
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3.3.3 Impregnation method (incipient wetness) 
5g of zeolite was dried overnight at 120°C. For 2% palladium loading, 0.25g palladium nitrate was 
dissolved in about 5.1ml of deionized water. The solvent was just able to saturate the powder 
(this method is also called the incipient wetness method). For different supports, the amount of 
solvent was experimentally determined for each kind of support. The Pd solution was then added 
dropwise to the zeolite powder until incipient wetness was achieved. The catalyst was then dried 
overnight at 80°C. After that, the sample was calcined in an oven at 350°C overnight using the 
same process as is applied in solid-state ion exchange. 
3.3.4 Palladium acetate and microwave oven oxidization 
In order to saturate hydrophobic support, methanol was used to dissolve palladium precursor 
instead of water. Because palladium nitrate is not well dissolved in methanol, palladium acetate 
was used for the incipient wetness method (Galletti et al., 2010). And because the grafted 
functional group will decompose during the high temperature calcination, microwave oxidization 
was employed on these grafted catalysts.  
21mg of palladium acetate was dissolved in about 5ml methanol. 0.5g of phenyl-grafted MCM41 
was placed in a round bottomed flask, with a magnetic stirrer. The palladium acetate solution 
was added dropwise into the phenyl-grafted MCM41 while stirring. After all the solution was 
dropped into the powder, the mixture had the appearance of a potato mash. The mixture was 
continuously stirred and heated in the flask at 60°C until it became a dried powder. The sample 
was then collected and further dried in a vacuum oven at 80°C overnight. 
Based on Berry and Galletti’s work (Galletti et al., 2010, Berry et al., 2000), the dried sample was 
treated with microwave irradiation. The sample was sealed in a special tube and placed in a 
microwave oven. The power was set to 650w and the heating time lasted 90 seconds. The 
temperature during the heating was controlled at around 100°C. After it cooled down the sample 
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was collected from the microwave digestion (CEM MARS with Xpress Technology) and the 
catalyst was ready for the catalysis reaction. 
3.4 Catalyst characterization 
Catalyst characterization was carried out using several methods, including inductively coupled 
plasma (ICP), transmission electron microscopy (TEM), XRD, XRF and BET. An introduction to the 
analysis methods can be found in Appendix III. 
3.4.1 ICP 
ICP analysis was used to determine how much palladium was loaded on the different supports. 
This is important for evaluating the effectiveness of the different palladium loading methods. 
 
Figure 3.1 ICP-OES Optima 2000DV manufactured by PerkinElmer Inc 
As shown in Figure 3.1, in this work ICP-OES was performed in order to determine the total 
content of palladium in the catalyst.  
37.5mg catalysts were dissolved in aqua regia. After palladium was dissolved into the aqua regia, 
the solution was diluted to 50ml in a measuring flask. The upper supernatant was collected for 
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ICP analysis. 1ppm, 10ppm and 25ppm palladium standard were prepared for calibration by 
dissolving palladium nitrate in the same amount of aqua regia. Each batch of catalyst was 
sampled independently three times. The weighing was carried out using an analytic balance. All 
the solutions were prepared in the measuring flask and each solution was analysed 
independently three times in order to reduce operating errors. 
3.4.2 TEM 
TEM is a commonly applied technique for determining the particle size and shape in nm scale. In 
this research TEM was performed using a Philip 400T electron microscope with an electron 
source operated at 80kv in order to determine the shape and size of palladium particles on the 
catalysts. The samples were re-dispersed in methanol. A few drops of this suspension were 
placed on carbon-coated copper grids and left to dry at ambient conditions before being placed 
under the TEM lenses. 
3.4.3 X-ray diffraction 
 
Figure 3.2 PANalytical Xpert Pro Powder X-ray diffractometer operated at 40KV and 30mA 
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XRD can detect the crystalline phases by detecting the lattice structural parameters and 
estimating particle sizes. As shown in Figure 3.2, a PANalytical Xpert Pro Powder X-ray 
diffractometer was used in this study. The radiation source is Cu. The 2θ diffraction statistics 
range is from 5º to 50°, counting for 1.00s at every 0.02° steps. 
XRD analysis was used to detect any changes on the structure of the zeolite supports during the 
different palladium loading methods. The amount of palladium on Y zeolite made by liquid ion 
exchange was not sufficient for XRD analysis, so only the original support with the catalyst made 
by impregnation and solid ion exchange was compared. 
3.4.4 X-ray fluorescence  
 
Figure 3.3 Bruker AXS GmbH-S4 EXPLORER X-ray fluorescence spectrometer 
XRF is widely used to analyse the elemental and chemical composition of catalyst supports. As 
shown in Figure 3.3, in this research the Si/Al ratio of different zeolite supports was determined 
by the Bruker AXS GmbH-S4 EXPLORER wavelength dispersive X-ray fluorescence spectrometer. 
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3.4.5 BET 
Physical adsorption reveals important information about the catalyst structure. BET surface area, 
pore size, pore volume and the hysteresis loop contain key information needed for catalysis 
reaction. As shown in Figure 3.4, a Micrometrics TRISTAR surface area analyzer was used in this 
study. By recording nitrogen adsorption-desorption isotherms at -196°C, the BET surface area, 
pore size dispersion and other physical property of the particle samples were obtained.  
 
Figure 3.4 TRISTAR Surface Area and Porosity Analyser manufactured by Micrometirics 
The samples were degassed at 120 °C overnight before the measurements were taken. The 
overall surface area was determined by means of BET theory. The pore size dispersion was 
detected via BJH adsorption/desorption branches. The total pore volume was calculated from the 
adsorption branch.  
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3.5 Results and discussion  
At the beginning of this research, the synthesis methods were compared to identify the best way 
to carry out palladium loading. This work is summarized in Table 3.1. 
Table 3.1 Summary of palladium loading on different zeolites 
 Liquid Solid Impregnation 
Y zeolite ● ● ● 
ZSM-5 ○ ○ ● 
BETA zeolite ○ ● ● 
Mordenite ○ ○ ● 
*● means the method was executed on the zeolite, while ○ means the method was not executed 
on the zeolite.  
Looking at Table 3.1, at first the impregnation method was performed on all of the zeolites. After 
comparing the activity of catalysts, Y zeolite was distinguished from others and Beta zeolite had a 
similar performance (refer to section 4.3.2). Thus, Y and Beta zeolite were chosen for further 
investigation for solid ion exchange, and Y zeolite was chosen for liquid ion exchange. 
Liquid ion exchange is a widely used method in noble metal loading on different supports. 
However, the loading amount is not easy to control and the utility of expensive palladium sources 
is very low. In industry, the ion exchange solution that has been used can be recycled to reduce 
the cost. However, in the laboratory it is a very complicated procedure to recycle the palladium 
source. Thus, liquid ion exchange is only carried out on the Y zeolite at first, to test if the method 
offers any benefits. Compared to liquid ion exchange, the solid ion exchange and impregnation 
methods have almost 100% utility of the noble metal, which makes them very popular methods 
in laboratory synthesis.  
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3.5.1 ICP results 
Table 3.2 Results of ICP analysis regarding the Pd concentration on the zeolites  
 
Pd% 
 
Pd% 
 
Pd% 
I-Y-1 2.08 I-Beta-1 2.08 I-Mordenite-1 1.95 
I-Y-2 2.21 I-Beta-2 2.08 I-Mordenite-2 1.98 
I-Y-3 2.2 I-Beta-3 2.08 I-Mordenite-3 1.96 
S-Y-1 2.11 s-Beta-1 1.92 I-ZSM5-1 2.34 
S-Y-2 1.99 s-Beta-2 1.91 I-ZSM5-2 2.23 
S-Y-3 2.16 s-Beta-3 1.85 I-ZSM5-3 2.17 
L-Y-1 2.84 
    
L-Y-2 2.82 
    
*The initial “I” means the catalyst is made by impregnation, “S” means the catalyst is made by 
solid ion exchange, “L” means the catalyst is made by liquid ion exchange. 
As shown in Table 3.2, all the catalysts made with different zeolite supports and different 
palladium loading methods were executed in three parallel batches, except for liquid ion 
exchange on Y zeolite. Each batch of catalysts was sampled individually three times and the final 
loading was calculated from the average of the three. Obviously, how much palladium is loaded 
on the impregnated catalyst depends on how much palladium precursor was used in the liquid to 
saturate the zeolite. As expected, the palladium concentration was consistent with the pre-
calculation (refer to section 3.3.3). The data proves that the reproducibility of incipient wetness 
on different supports is very high. For solid ion exchange, some of the precursor powder was lost 
during the grinding, probably because it adhered to the mortar, so the concentration may have 
been a little bit lower than expected. The results of impregnation and solid ion exchange both 
show a palladium concentration of about 2% in weight, which means nearly 100% of the 
palladium source was loaded on the supports. In the liquid ion exchange, 3.4 wt% Pd(NH3)4(NO3)2 
precursor solution was used and about 80% of the palladium was exchanged on the zeolite, 
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which is better than the 60% palladium utility reported in the reference literature (Homeyer and 
Sachtler, 1989).  
3.5.2 TEM results  
Using TEM one can obtain a direct sense of the state of palladium dispersion. The diameters of 
the particles vary from 5nm to 20nm, and one can also observe a part of the lattice in the 
background, which may be the zeolite structure. Figure 3.5 provides the TEM pictures of 
impregnated palladium on Y zeolite with a carbon film basement. 
 
                                     a                                                                                   b 
 
                                    c                                                                                    d 
Figure 3.5 TEM image of palladium-loaded Y zeolite.  
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As shown in Figure 3.5, in image a, large palladium particles are placed on the surface of the Y 
zeolite. They are located above the lattice structure of the Y zeolite. In image b, small nano 
palladium particles are highly dispersed on the zeolite. A large crystal is shown in image c: it does 
not seem to be a part of the zeolite, so it could be something on the carbon film. The channels 
that are clearly shown in image d are the zeolite structure, which is observed in a direction 
perpendicular to the one in image a. Overall, all particles are less than 50nm, which is consistent 
with the XRD data that no observable peaks found on the spectra (see section 3.5.2). Most of the 
palladium particles are around 5nm, but some parts of them have a larger particle size (although 
they are still less than 50nm in size). 
3.5.3 XRD results  
 
Figure 3.6 XRD spectrum of original Beta zeolite (Beta), 2%wt Pd/Beta by impregnation (Beta-I) 
and 2%wt Pd/Beta by solid ion exchange (Beta-S).  
In Figure 3.6, the XRD spectrum of original Beta zeolite and the catalysts made by impregnation 
and solid ion exchange are compared. First of all, there was no big difference as regards the 
structures of all the samples, which means the structure was not damaged during the synthesis 
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procedure. Secondly, the XRD shows that all palladium particles that were smaller than 50 nm 
and had no obvious response were observed at 2θ = 40.1° and 46.7°. It seems that the palladium 
loading method did not change the structure of the supports. Both solid ion exchange and 
impregnation synthesis methods can produce palladium particles of less than 5 nm on the 
catalyst surface. 
 
Figure 3.7 XRD spectrum of original Na-Y and Na-Y after different steaming treatments: self-
steaming 2hrs (Y-SS-2h), self-steaming 6hrs (Y-SS-6h), nitrogen steaming 2hrs (Y-NS-2h), nitrogen 
steaming 6hrs (Y-NS-6h)  
Figure 3.7 presents the XRD spectrum of the original and steaming treated samples of Na-Y 
zeolite. Compared with the original Na-Y zeolite, samples treated by either self-steaming or 
nitrogen steaming show no difference between their peak distribution and peak intensity. In 
other words, the structure of the Na-Y zeolite did not collapse during the steaming treatment. 
Nevertheless, the baselines of all the steaming treated samples were kept flat. This means the 
amorphous phase did not form during the steaming treatment. 
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As shown in Figure 3.7, the spectra of six-hour steamed samples and two-hour steamed samples 
are nearly the same, which is consistent with the XRF result (detailed in section 3.5.3). This 
suggests that prolonging the steaming treatment time had no visible effect on the structure. This 
phenomenon may be explained by Xie’s theory (Xie et al., 2008). Steaming treatment was usually 
carried out at a temperature above 500°C. The Al-O-Si bonds hydrolysed with the presence of 
water molecules, forming defects in the framework. The released aluminum atoms could form an 
extra-framework aluminum (EFAl) and the defects would then be occupied by silica species. The 
EFAl could be subsequently extracted by acid leaching. 
 
Figure 3.8 XRD spectrum of the original and dealuminated Y zeolites; Y after direct acid leaching 
(Y-DAL), nitrogen steaming and acid leaching (Y-NSAL), self-steaming and acid leaching (Y-SSAL), 
nitrogen steaming twice and acid leaching twice (Y-2NS2AL) 
Figure 3.8 shows the spectrum of samples after different dealumination processes. Samples 
which are subject to direct acid leaching and steaming treatment plus acid leaching all display the 
same peak distribution as the original Na-Y zeolite.  In Figure 3.8 all the acid leaching samples 
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express an amorphization result. This means the lattice framework collapsed during the acid 
leaching. At the same time, the baselines of all the acid leached samples show a broad peak 
compared to the original zeolite. This indicates the amorphous phase formed with the framework 
collapsed. When the steam treatment and acid leaching are carried out twice, the support 
material is completely destroyed, leaving only the amorphous phase, which is demonstrated by 
the broad peak of the Y-2NS2AL sample. Salman has explained this by reference to the acid 
hydrolysis of Si-O-Al bonds theory (Salman et al., 2006). This reaction is summarized in the 
following equation: 
ܪା +ܱܪି +ܪା[≡ ܣ݈ − ܱ − ܵ݅ ≡]ି ↔ ܪଶܱ + [≡ ܣ݈] + [ܪܱ − ܵ݅ ≡]    (1) 
 
Figure 3.9 XRD spectra of the supports and Pd-loading forms of Y zeolites; Y zeolite after nitrogen 
steaming (Y-NS), and nitrogen steaming and acid leaching (Y-NSAL) 
Figure 3.9 illustrates XRD spectra for the Y zeolite, destructive Y zeolites and their corresponding 
Pd loaded samples. The figure shows no difference between the spectra of the original and the 
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palladium-loaded particles. This result proves that the modified structure is stable to the 
palladium nitrate impregnation. In addition, no Pd-species peak is identified. This means the 
palladium particles are of a small size and proves that the impregnation method is able to 
produce highly dispersed small nano palladium particle catalysts. 
 
Figure.3.10 XRD spectra of the original and destructive FM8 zeolite; Base leaching (FM8-BL), 
leaching (FM8-AL), acid leaching twice (FM8-2AL) 
Figure 3.10 shows the results of FM8 zeolite destructive treatment. It is clearly shown that base 
leaching and acid leaching had no effect on the framework of FM8 zeolite. There are only 
declines in peak intensity observed after the destructive treatment, which indicates a loss in 
crystallinity. In addition, the baseline is flat and no broad peak formed on the samples, which 
means an amorphous phase cannot be detected. 
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In conclusion, acid leaching of Na-Y zeolite formed the amorphous phase. The framework of the 
original Y zeolite remained after one acid leaching, but acid leaching twice totally destroyed the 
framework, leaving only the amorphous phase. On the other hand, the structure of FM8 was 
perfectly conserved under either base leaching or acid leaching.  
3.5.4 XRF results 
Table 3.3 The Si/Al ratio of different Y zeolite samples under dealumination 
Samples 
Steam treatment 
at 500°C 
Acid leaching 
by oxalic acid 
Si/Al 
ratio 
Na-Y / / 3.63 
Y-DAL / 1h 9.35 
Y-2DAL / (1+1)h 12.95 
Y-SS 2 h / 3.71 
Y-SSAL 2h 1h 10.3 
Y-SSAL-2 6h 1h 10.65 
Y-2SS2AL (2+2)h (1+1)h 13.83 
Y-NS 2 h / 3.73 
Y-NSAL 2 h 1 h 11.85 
Y-NSAL-2 6h 1h 12.11 
Y-2NS2AL (2+2)h (1+1)h 17.87 
 
The XRF results show the Si/Al ratio of Y zeolite under different dealumination treatments. The 
results are summarized in Table 3.3.  
As Table 3.3 show, the original Si/Al ratio of Na-Y zeolite is 3.63. The self-steaming and nitrogen 
steaming treatment can only increase the ratio to 3.71 and 3.73, respectively. This means the 
aluminum that is released during the hydrolysis remains in the zeolite structure and forms the 
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EFAl. This is because the XRF cannot distinguish between the framework aluminum and the extra-
framework aluminum: it can only measure the total aluminum contained in the zeolite.  
In this work, Na-Y zeolite was acid leached with oxalic acid. The results in Table 3.3 show that the 
Si/Al ratio increased significantly as a result of acid leaching. Direct acid leaching, self-steaming 
and nitrogen steaming plus acid leaching increased the Si/Al ratio to 9.35, 10.3 and 11.85, 
respectively. Both self-steaming and nitrogen steaming increased the acid leaching effect by a 
Si/Al ratio of about 1 and 2.5. This proves that the steaming treatment helps aluminum migrate 
out of the zeolite framework, forming extra-framework aluminum. This is then extracted by acid 
leaching. In addition, when the steaming time was increased from two hours to six hours, the 
Si/Al ratio after acid leaching increased from 10.3 to 10.65 and 11.85 to 12.11 for self-steaming 
and nitrogen steaming, respectively. This means the steaming increased the Si/Al ratio by 1.3 and 
2.8, respectively. Prolonging the steaming for four hours only increased the Si/Al ratio by about 
0.3. In this condition, two hours of steaming treatment is recommended. The reason why 
nitrogen steaming performs better than self-steaming might be because the water content in the 
nitrogen steaming is continuously fed and in the self-steaming it is limited. When acid leaching is 
performed twice on the Y zeolite, the Si/Al ratio increased to 12.95, 13.83 and 17.87, respectively.  
Table 3.4 The Si/Al ratio of FM8 zeolite samples under different destructive strategies 
Samples 
Base leaching 
by NaOH 
Acid leaching 
by oxalic acid 
Si/Al 
ratio 
FM8 / / 6.73 
FM8-BL 0.5h / 5.35 
FM8-AL / 6h 13.60 
FM8-2AL / (6+6)h 16.24 
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The XRF results show the Si/Al ratio of FM8 under different destructive treatments. These results 
are summarized in Table 3.4. The FM8 zeolite holds a mono-dimensional channel system, which 
means it has a higher stability than Na-Y zeolite. In this case, higher oxalic acid concentration and 
longer acid leaching time were used for the dealumination of FM8. The acid concentration was 
increased from 2M to 6M, and the acid leaching time was increased from one hour to six hours. 
The Si/Al ratio is then compared to the original FM8, which is increased from 6.73 to 13.6 and 
16.24 for acid leaching once and twice, respectively. On the other hand, the base leaching 
decreased the Si/Al ratio from 6.73 to 5.35.  
In conclusion, steaming treatment on Na-Y zeolite helps acid leaching extract the aluminum from 
the framework. Two hours of steaming treatment is recommend for dealumination. A higher 
concentration of oxalic acid and longer acid leaching time can effectively dealuminate FM8 
zeolite. However, the effect of base leaching is limited for the low Si/Al ratio.  
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3.5.5 BET results 
Table 3.5 Summary of textural properties of the different samples 
Particles 
BET surface area Pore size Pore volume 
m2/g nm cm3/g 
Alpha alumina 0.56 5.6 0.000795 
Pd on alpha 1.06 4.8 0.0013 
Pd on gamma alumina 229 6.4 0.36 
Y zeolite 427 2.7 0.29 
Pd on Y zeolite 416 2.7 0.29 
Y-DAL 286 3.2 0.23 
Y-NSAL 50 9.9 0.12 
Y-SSAL 140 4.6 0.16 
Pd on FM8 2.84 22 0.015 
FM8-BL 6.67 21 0.034 
FM8-AL 304 2.17 0.16 
SBA15 641 5.5 0.76 
Pd on SBA15 679 4.5 0.76 
SBA15G 481 7 0.84 
MCM41 924 3.1 0.73 
Pd on MCM41 770 3.7 0.71 
MCM41G 635 2.6 0.42 
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The N2-physisorption results for different samples are summarized in Table 3.5. For Na-Y 
modified samples, the drop in N2 adsorption illustrates a decrease in the total surface area and an 
increase in mesoporosity. The direct acid leaching method and self-steaming method display a 
weaker influence on the zeolite structure. Although the modified samples have a smaller total 
surface area, the BET average pore width slightly changed. On the other hand, the nitrogen 
steaming method is more effective in enhancing the mesoporosity. The BET average pore width 
increases from 2.7nm to 9.9nm, which is a big increase. 
As was found in the XRD, the BET analysis showed that the palladium loading did not change the 
character of different supports. A Y zeolite isotherm linear plot is used as a sample, as follows: 
 
Figure 3.11 N2 adsorption and desorption isotherms of (a) Y zeolite, (b) 2% Pd on Y zeolite 
As shown in Figure 3.11, the palladium loading is only 2% in weight so with a good dispersion its 
effect on the structure is negligible. The hysteresis loop seems almost identify in the two samples. 
This is also consistent with the data contained in Table 3.5. 
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As shown in Table 3.5, gamma alumina has a 229 m2/g surface area and a 0.36 cm3/g pore 
volume. The polyporous structure is very popular in catalysis reactions. For alpha alumina, 
however, the surface area and pore volume are hundreds of times smaller than in gamma 
alumina. This also causes a difference in the activity of the catalyst, as discussed in Chapter 4. 
 
Figure 3.12 N2 adsorption and desorption isotherms of (a) Na-Y, (b) Y-DAL, (c) Y-SSAL, (d) Y-NSAL 
As shown in Figure 3.12, compared to original Na-Y zeolite, all the dealuminated samples 
show a decline in nitrogen adsorption, and the nitrogen adsorption decreases with the 
increasing Si/Al ratio. The Y-NSAL has the highest Si/Al ratio and also has the lowest nitrogen 
adsorption. This is easy to understand as when the porous structure of the zeolite was 
destroyed, the surface area also decreased. 
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Figure.3.13 N2 adsorption and desorption isotherms of (a) FM8-AL, (b) FM8-BL, (c) Pd/FM8 
Figure 3.13 illustrates that acid leached FM8 experienced a significant increase in nitrogen 
adsorption compared to the others. This can be explained by reference to the blocking of the 
two-dimensional channel of FM8 by impurities, because it can be washed off by acid leaching and 
cannot be removed by base leaching. According to the data in Table 3.5, the original FM8 and 
FM8 lost most of their surface area and pore volume, but after acid leaching the blocking was 
removed and the high surface area and pore volume returned. This phenomena can be explained 
that all the material is used as received and without pre-calcination. So there may be some 
templates remained in the structure that blocked the channel caused the low surface area. 
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Meanwhile the templates can be removed by the acid leaching, so the acid leaching opened the 
channel and increase the surface area significantly. 
 
 
Figure 3.14 N2 adsorption and desorption isotherms of (a) MCM41, (b) Phenyl-grafted MCM41 
As illustrated in Figure 3.14, a large surface change happened on the surface grafting of MCM41. 
MCM41 is a widely used silica base. The original MCM41 had a 927m2/g surface area, a 3.1 nm 
pore size and a 0.73 cm3/g pore volume, as shown in Figure 3.14 (a) the hysteresis is negligible. 
With such a large surface area, MCM41 is a good catalyst support and has been used in many 
reactions. Phenyl group was grafted on the original base, forming a phenyl-grafted MCM41 
structure. The structure has a 635m2/g surface area, a 2.6 nm pore size and a 0.42 cm3/g pore 
volume. As shown in Figure 3.14 (b), obviously the phenyl function group mono layer covers the 
surface of the meso pores inside the MCM41 and decreases the surface area and pore size. By 
filling the pore space, the pore volume is reduced as well.  
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3.6 Conclusion 
Palladium catalysts were synthesized by three different palladium loading methods and with 
various supports. Among the three methods used, incipient wetness is an easy to control method 
and has a high level of utility of palladium. ICP results show that the palladium used in the 
incipient wetness method is nearly 100% of that loaded on the catalysts. TEM results show that in 
the catalyst made by incipient wetness, the palladium particles are well dispersed on the Y zeolite. 
The Y zeolite has a 2.7nm channel. The palladium particle size is around 5nm. Most of the 
palladium is on the outside of the Y zeolite structure. The zeolite was partially destroyed to 
induce a secondary mesoporous structure for a big molecular reaction. Phenyltrimethoxysilane 
was used as a grafting agency to produce hydrophobic support for the hydrogenation of 
anthraquinone. The results of BET and XRD analysis demonstrate that the palladium loading 
methods did not change the structure of the supports. The XRF results demonstrate that in the 
dealumination of Na-Y zeolite, steaming treatment can help acid leaching by forming extra-
framework aluminum. FM8 has a stable framework, which does not change during the 
dealumination, but its low Si/Al ratio means that the base leaching has a limited effect. Compared 
to the original Na-Y zeolite, all the dealuminated samples show a decline in the nitrogen 
adsorption amount with the increasing Si/Al ratio. The regeneration of the surface area of FM8 is 
possibly caused by the acid leaching that removes EFAl from the FM8 framework. The phenyl 
group grafted on the MCM41 reduces the pore size and surface area of the original MCM41.  
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Chapter 4 Catalysts 
screening using Endeavour 
reaction system 
 
4.1 Introduction 
The anthraquinone process is almost the exclusive method for manufacturing hydrogen peroxide, 
accounting for 95% of the worldwide yield. The hydrogenation of anthraquinone is the key 
process of this method (Cornan, 1959). The product anthrahydroquinone is spontaneously 
oxidized to form anthraquinone and hydrogen peroxide when it is exposed to air.  
 
4.1.1 eAQ hydrogenation 
 
Figure 4.1 Reactions of the anthraquinone process (Drelinkiewicz et al., 2004a) 
As shown in Figure 4.1, the most popular initial reagent, 2-ethylanthraquinone (eAQ), is 
hydrogenated to the diol form 2-ethylanthrahydroquinone (eAQH2) in the presence of a catalyst. 
The diol is then oxidized when it comes into contact with air, leading to the formation of H2O2 
and eAQ. After water extraction, the H2O2 solution is further refined to the required 
concentrations and the remainder is recycled back into the working solution. 
The kinetics of the hydrogenation of anthraquinone is inconformity by different researchers in 
the research history. According to Drelinkiewicz’s report, with a palladium catalyst this process 
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can be divided into three steps: the induction period, the main reaction period and the final 
stage (Drelinkiewicz, 1991a, Drelinkiewicz, 1991b). Throughout the whole process, the reaction is 
zero order kinetics regarding hydrogen, while a fractional number order (usually 1/2) is observed 
on anthraquinone in the final stage, and zero order kinetics during the induction and main period. 
This reaction is under a “mixed diffusion reaction regime”. The gas–liquid and/or liquid–solid 
mass transport rate is considered to have a significant effect on the reaction rate. Similar studies 
have been reported in a slurry semibatch reactor. Santacesaria et al. claimed that the process 
could not be conducted under kinetic control because of the fast reaction time and the slow 
mass transport of hydrogen through the three-phase system (Santacesaria et al., 1994a, 
Santacesaria et al., 1988). However, they considered the reaction to be zero order with respect 
to hydrogen and first order with respect to anthraquinone. This was contradicted by 
Drelinkiewicz’s earlier findings (Drelinkiewicz, 1992). Several years later, Hâncu and Beckman 
used liquid CO2 as a replacement of the conventional solvent. With the fluoroether-
functionalized anthraquinones, the same conclusion as that contained in Santacesaria’s work 
was reached (Hâncu and Beckman, 1999). In China the reaction is believed to be zero order with 
respect to eAQ concentration, but first order with respect to hydrogen pressure (Shang et al., 
2012, Chen, 2008). Thus, the true kinetic of the hydrogenation of anthraquinone has still not 
been revealed. 
4.1.2 Selection of the solvent 
The selection of the solvent is a key factor that affects the anthraquinone process. Because the 
anthraquinone is lipophilic, but the hydrogenation product anthrahydroquinone is hydrophilic, 
the solution is comprised of polar and non-polar solvent. The solvent must have high solubility to 
the initial reagents, good chemical stability to hydrogenation and oxidation reactions, and low 
cost. Hence the selection of solvent must ensure the solvent has the following five characteristics: 
1) high solubility towards anthraquinone, hydrogen, and anthrahydroquinone; 2) high chemical 
stability against hydrogenation, oxidation, and hydrolysis; 3) high partition coefficient of H2O2 
95 
 
between H2O and the solvent; 4) sufficient density difference between H2O and the solvent; and 
5) low viscosity and toxicity, high boiling or flash point. In industry, the solvent is usually a 
mixture of alkylated aromatic hydrocarbons and trioctyl phosphate (TOP) or methylcyclohexyl 
acetate (MCA) (Santacesaria et al., 1988, Drelinkiewicz et al., 2005). In laboratory research the 
solvent is a mixture of xylene and 2-octanol or a mixture of Mesitylene and TOP.  
In this research, a mixture of p-xylene and 2-octanol (volume ratio 1:1) was introduced into the 
Endeavour reactor. Based on the works of pioneer contributors (Berglin and Schoeoen, 1981, 
Drelinkiewicz and Waksmundzka-Góra, 2006a). 
4.1.3 Selection of the reactors 
The hydrogenation of anthraquinone is a gas, liquid and solid three-phase heterogeneous 
catalysis. Different designs of reactor significantly affect the mass transfer efficiencies, the 
selectivity and space-time yield. Typically there are three types of reactors: fluid-bed, fixed-bed 
and batch reactor. 
The fluid-bed reactor mixes powdered catalysts and reactant in the solvent sufficiently to reach 
high mass transfer efficiency. Fluid-bed reactors can be further classified into two main types of 
reactor: tubular and slurry bubble reactor. In industry the usage of a tubular reactor is limited by 
the serious disadvantage of requiring large quantities of catalyst and working solution but in a 
laboratory it is a very popular and easy-to-achieve reactor for kinetic studies, such as continuous 
stirred-tank reactor (CSTR) (Aghbolaghy and Karimi, 2014). On the other hand, slurry bubble 
reactors (SBR) are widely applied on an industrial scale due to their high hydrogenation efficiency 
and stable space-time yield. In the laboratory, by contrast, the complexity of the apparatus and 
the high cost of the operation prevent its application in research. 
Fixed-bed reactors are separated into conventional and non-conventional types. In a 
conventional reactor, the catalysts are piled up as granules. In a non-conventional reactor, the 
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catalysts are loaded on the stuffing materials. One typical conventional fixed-bed reactor is a 
trickle bed reactor (TBR). In the TBR, the liquid and gas reactant flow downward through a 
packed bed of catalyst particles. The reaction takes place when reactants flow over the catalyst 
surface and then the products are collected and separated when leaving the trickle bed.  The TBR 
is not only as popular as SBR in the industry but it is also easy to access at the laboratory level 
(Chen, 2008, Liu et al., 2005). One non-conventional reactor is a monolith reactor, which is 
composed of parallel channels with catalysts inside (Kreutzer et al., 2001). Accessing a monolith 
reactor presents a big challenge both in the industry and at the laboratory scale. The 
development of a monolith catalyst is inseparable from the development of an appropriate 
reactor technology (Edvinsson Albers et al., 2001). 
Batch reactors are not popular in the industry because the long setup time and large reactor tank 
make it an uneconomic choice. However, at the laboratory scale the easy setup, simple design, 
wide applicability and commercial availability make it the most popular reactor for research. 
What is more, by controlling the reaction conditions, using the batch reactor is the best way to 
investigate the kinetic for a chemical reaction. 
In this research we choose a semi batch reactor into which hydrogen can be continuously fed to 
keep the hydrogen pressure constant during the hydrogenation of anthraquinone. In this case, 
the only condition that changes during the reaction is the concentration of anthraquinone in the 
working solution. 
In summary, in this chapter the catalysts screening was investigated based on the hydrogenation 
of anthraquinone. The solvent is a mixture of p-xylene & 2-octanol with a volume ratio at 1:1. 
Reactions took place in a semibatch reactor. 
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4.2 Screening experiment 
4.2.1 Introduction of Endeavour reaction system 
 
 
Figure 4.2 Picture of Endeavour reactor 
The Endeavour reactor is an all-in-one semi batch reactor manufactured by Biotage, which 
contains eight parallel reactors. It can automatically control the temperature, agitation rate and 
pressure. Each of the eight reactors has the same stirring speed, but the temperatures and 
pressures can be set differently. Each reactor has a 10ml glass tube liner. A 5ml working solution 
is recommended in the reactor. Three individual gas support lines are assembled, which means 
three different gases can be introduced into the whole system simultaneously. The gas 
consumption amount is measured by a built-in mass flow meter and the reaction data is 
accurately recorded. Because eight parallel reactors can be used at the same time, the Endeavour 
reactor operates as a very efficient catalyst screening system. 
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4.2.2 Experiment design 
The preparation of the catalysts and chemicals used was summarized in Chapter 3. P-xylene and 
2-octanol mixed in a volume ratio of 1:1 was selected as the solvent, following a published report 
(Drelinkiewicz et al., 2004a). For a standard reaction, 2g/kg catalyst (means 2g catalyst per kg 
working solution) and 20g/kg 2-ethylanthraquinone in working solution is suggested. The stirring 
speed is 250rpm. The reaction temperature is 60°C, and the hydrogen pressure is set at one bar 
above barometric pressure. 
The operation procedures are summarized as follows: 
1) Heat the reactors until the temperatures inside reach to 60°C after setting up the reactor with 
pre-loaded catalyst and solvent. 2) Drive the air out of the reactor by nitrogen and then purge 
nitrogen out with pure hydrogen. Repeat the purge three times to eliminate the nitrogen. 3) The 
stirring is then initiated and hydrogen is consumed for dissolution in solvent and catalysts 
reducing. 4) Once the hydrogen consumption stops, the stirrer is paused and 2-
ethylanthraquinone (eAQ) solution is injected through the injection port. 5) After that, the 
agitation again takes place and the reactions start. 6) All the reactions are executed for two hours. 
7) The completion of the reaction is defined as the moment when the hydrogen is consumed at a 
theoretical value, and then the hydrogen consumption rate is observed a sharply decreasing 
which owing to deep hydrogenation occurring (details are provided in Chapter 5). These are the 
default reaction conditions, which apply unless it is stated otherwise. 
4.3 Results and discussion 
In order to investigate the activity of different catalysts the reaction condition is carefully 
designed. The reaction temperature, hydrogen pressure and eAQ concentration is based on the 
literature (Drelinkiewicz et al., 2005), but the catalyst amount has to be adjusted according to the 
reactor and catalyst variety. If the catalyst amount is too large, the hydrogen consumption rate 
will become too fast and meets the limitation of gas feed in rate of the Endeavour system. On the 
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other hand, if the catalyst amount is too small, the reaction rate is too slow and meets the 
measuring limitation of the gas feed in rate of Endeavour system. In these conditions the reaction 
rate cannot be measured accurately. Thus, the proper catalyst amount is the first issue to decide 
before catalyst screening.   
 
Figure 4.3 Hydrogen consumption rate on different catalyst amounts (2% palladium on α-Alumina); 
Temperature = 60°C, catalyst concentration = 2g/kg, H2 pressure = 2 bar, eAQ concentration = 
20g/kg 
Figure 4.3 shows that different catalyst concentration leads to different reaction rates. These 
curves indicate the amount of hydrogen fed into the reactor vs the reaction time. Since the 
hydrogen pressure was kept constant, the hydrogen fed in corresponds to the hydrogen 
consumption. For each curve there is a straight line before 40 mins. The slope of the straight lines 
differ and they can be considered as the initial reaction rate, which is the reaction rate with the 
initial reactant concentration. The higher the catalyst concentration, the steeper the slope is: 
therefore, the faster the reaction rate is. Apart from 4g/kg catalyst, the others showed a zero 
order reaction at the beginning, which means the reaction rate is dominated by mass transfer 
limitation. On the other hand, hydrogenation did not stop when the hydrogen consumption 
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reached the theoretical value, which means deep hydrogenations take place after the inflexions. 
By comparing the slopes, we can see that the deep hydrogenation rate is much lower than the 
hydrogenation rate. In order to avoid the mass transfer limitation, rather than 4g/kg, a even 
lower value, 2g/kg catalyst amount was chosen for future investigation. 
Actually, based on the 5ml working solution, the weight of eAQ and the catalyst amount were 
limited by the balance. 2g catalyst per kg working solution (WS) means to weight 8 mg catalyst in 
5ml working solution. This made the measurement of an analytic balance a big challenge, 
especially when the amount of catalyst powder is no larger than an ant. Therefore, the operating 
error dominates the system error. 
4.3.1 Various palladium loading methods  
Three different palladium loading methods were studied. According to the characterization 
results listed in Chapter 3 the Pd/Y and Pd/Beta catalysts made by impregnation and solid ion 
exchange have similar palladium loading of around 2% in weight. The liquid ion exchanged Y 
zeolite has a 3.4% palladium loading. Although the palladium loading was different for the liquid 
ion exchange sample, the catalyst amount used during the hydrogenation is the same. 2g catalyst 
per kg WS was chosen in order to avoid the mass transfer limitation. 
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Figure 4.4 H2 consumption by different catalysts; “I” means catalysts made by impregnation, “S” 
for catalysts made by solid ion exchange, “L” means the catalysts made by liquid ion exchange. 
Temperature = 60°C, catalyst concentration = 2g/kg, H2 pressure = 2 bar, eAQ concentration = 
20g/kg 
As Figure 4.4 shows, according to the slope of the hydrogen consumption plot, the catalysts 
made by impregnation have the highest reaction rate. The catalysts made by solid ion exchange 
have a lower rate. The catalyst made by liquid ion exchange, however, has the highest palladium 
loading but the lowest reaction rate. The reason why the solid ion exchange catalysts show a 
lower reaction rate compared to impregnated catalysts may be because the palladium dispersion 
is not as good as it is on the impregnated samples. The physical mixing can make highly 
dispersed palladium particles but will still form large palladium crystals, so the palladium utility is 
lower than that made in the impregnation method  (Stolz et al., 1998). The reason why liquid ion 
exchange palladium catalysts show a very poor activity may be because of the insufficient 
calcination. The low calcination temperature is meant to decrease the palladium aggregation but 
it may also cause incomplete degradation. The palladium that exists in tetraamine complex 
inhibits the Pd2+ reduction to the activated Pd0, so the hydrogenation results show a nearly zero 
activity along with the ICP result showing a 3.4% high palladium loading. The impregnation 
method was chosen for future palladium loading.  
4.3.2 Various zeolite supports 
Different zeolite supports were studied: four different commercially available zeolites with 
impregnated palladium were tested in the hydrogenation of anthraquinone. According to the ICP 
result given in Chapter 3, the palladium loadings on the catalysts are all around 2% in weight. 
The reaction conditions were the same as described in the former section. The hydrogen 
consumption in time is plotted in Figure 4.5. 
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Figure 4.5 H2 consumption by different zeolite supported catalysts; *Temperature = 60°C, catalyst 
concentration = 2g/kg, H2 pressure = 2 bar, eAQ concentration = 20g/kg 
As shown in Figure 4.5 2% palladium loaded on different zeolite supports is studied in the 
hydrogenation of anthraquinone. 2g/kg catalyst concentration is used for activity comparison. All 
the catalysts are prepared using the impregnation method.  Palladium on Y and Beta zeolite have 
the highest initial slope and are the only two catalysts that have a steeper slope compared to 
palladium on gamma alumina. The rest of the catalysts all have a lower reaction rate compared 
to gamma alumina support catalyst. However, the Beta supported catalyst shows a decrease 
soon after 35 mins, which may be caused by deactivation of the catalyst: the hydrogen 
consumption did not reach the theoretical value. A similar phenomena was observed on FM8 
supported catalysts. This phenomena can be explained by the fact that if some of the palladium 
is loaded inside the mono channel structure of Beta and FM8, the hydrogenation product eAQH2 
may be trapped inside the channel and cause further deep hydrogenation which forms 
unexpected side products. The side products are then released from the channel and they 
poison the palladium active site loaded outside the zeolite structure. This also explained why the 
poisoning happens after half of the anthraquinone is hydrogenated, because the deep 
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hydrogenation has a very low rate reaction and transfers of side product from mono channel 
need time. In this case, it would be an interesting topic for research to enlarge the zeolite pore 
size and form side pockets to mono channel zeolite in order to introduce a mesoporous structure. 
4.3.3 Modified zeolites as palladium supports 
Zeolite modification was executed on Y zeolite and FM8. The reason why Beta zeolite was not 
chosen for the modification is because the Si/Al ratio of Beta zeolite is already as high as 20, so 
dealumination of Beta zeolite would hardly change the structure of Beta. A comparison of 
original Y zeolite and the alumina supported catalysts is shown in Figure 4.6. 
 
Figure 4.6 H2 consumption by original zeolite supported catalysts and alumina supported catalysts; 
*Temperature=60°C, catalyst concentration = 2g/kg, H2 pressure = 2bar, eAQ concentration = 
20g/kg 
Y zeolite was chosen for further investigation due to its high activity and its large pore size, with 
a 3D tunnel structure. Mordenite or FM8 zeolite was also subject to further study due to its 
large pore size, but it only has a 1D tunnel structure. Gamma alumina and alpha alumina were 
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studied for the effect on different surface areas. As shown in Figure 4.6, obviously a 3D 
structure catalyst has a better performance compared to 1D tunnel structure. This may be 
caused by the palladium particle dispersion. If the small palladium particles are loaded inside 
the long 1D tunnel (as show in the TEM in figure 3.5 and BET in table 3.5 the pore size and 
channel size of Y zeolite is 2.7 nm) they are hardly useful during the catalysis reaction since 
large reactant molecules cannot diffuse into the tunnel and come into contact with the active 
site. The catalyst with gamma alumina has a doubled reaction rate compared to the one with 
alpha alumina. This may be because the surface area of gamma alumina (229 m2/g) is hundreds 
of times higher than that of the alpha type (0.56 m2/g), which proves better palladium 
dispersion during the palladium loading. When we compare the gamma alumina with Y zeolite 
(416 m2/g) the BET surface is doubled, but the reaction rate only increases a small amount. If 
we do not consider the specialty of zeolite, then the palladium particle is already well dispersed 
on the gamma alumina so further increasing of the surface area will not be useful. 
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According to the XRF and XRD results from Chapter 3 the modification of Y zeolite is successful 
and a great change in respect of the catalyst activity is expected. 
 
Figure 4.7 H2 consumption by modified Y zeolite supported catalysts. *The nomenclature is the 
same as in Chapter 3. Y-DLA-Pd (direct acid leaching), Y-NSAL-Pd (nitrogen steaming and acid 
leaching), Y-SSAL-Pd (self-steaming and acid leaching). Temperature = 60°C, catalyst concentration 
= 2g/kg, H2 pressure = 2bar, eAQ concentration = 20g/kg 
Figure 4.7 illustrates the hydrogen consumption rate of palladium catalysts supported on 
different modified Y zeolites. The reaction rate on Y-DLA-Pd and Y-NSAL-Pd is higher than the 
palladium on original Y, which suggests that dealumination increases the activity of Y zeolite 
supported catalyst. This may be explained by the fact that the dealumination formed a 
mesoporous structure on the Y zeolite. Hence, it reduced the diffusion path length and 
increased the internal diffusion rate. In addition, the curves show a linear relationship between 
hydrogen consumption and time in the first 20 minutes, which means mass transfer limitation 
happened. On the other hand, Y-SSAL-Pd displayed a very low activity. This is probably because 
the self-steaming process is less controllable compared with nitrogen steaming, and thus it 
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leads to irregular dealumination over the Y zeolite and then causes blockage of the 3D channels 
which decreases palladium dispersion and causes the decrease of catalysis activity. 
 
Figure 4.8 H2 consumption by modified FM8 supported catalysts. *The nomenclature is the same 
as in Chapter 3. FM8-AL-Pd means Pd on FM8 modified by direct acid leaching, FM8-2AL-Pd means 
Pd on FM8 modified by direct acid leaching twice, FM8-BL-Pd means Pd on FM8 modified by base 
leaching. Temperature = 60°C, catalyst concentration = 2g/kg, H2 pressure = 2 bar, eAQ 
concentration = 20g/kg 
As shown in Figure 4.8 palladium on FM8 modified by acid leaching shows even lower activity, 
which may be explained by reference to the mono-dimensional channel system in the FM8 
structure. As was discussed in Section 3.5.4 acid leaching helps to remove the impurity that 
blocks the channel so that the BET surface area in increase. However, it also increases the 
palladium dispersion inside the channel. The large reactant molecules such as eAQ cannot 
access because of the limited size of the channel, which prevents the contact of eAQ and 
palladium active sites that are dispersed on the channel wall. This means the palladium that is 
dispersed inside the channel loses utility in the hydrogenation of anthraquinone. In addition, 
base leaching causes little improvement in the catalyst’s activity. 
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4.3.4 Initial rate 
The initial rate method is a very good method to estimate the real reaction rate and is widely 
used in kinetic study. It is believed that in the initial period, when the first 10% of the reactants 
had not been consumed, the change in the reaction rate regarding the change of the reactants’ 
concentrations is negligible. Thus, the initial rate can be considered as the reaction rate in the 
original state. In the anthraquinone hydrogenation, the initial rate is defined as the hydrogen 
consumed per minute and the volume of working solution (mmol min-1 ml-1) when the hydrogen 
consumption amount is below 10% of the total hydrogen consumption. The statistics are 
linearized and the slope of the fitted line shows the hydrogen consumption rate. The initial rate 
is the ratio of this consumption rate divided by the volume of working solution.  
 
Figure 4.9 Linerization of the experimental data for Pd-Y. *Temperature = 60°C, catalyst 
concentration = 2g/kg, H2 pressure = 2 bar, eAQ concentration = 20g/kg 
From the slope of the line in Figure 4.9  we can know that the hydrogen consumption rate is 
about 1.27E-02 mmol/min and when considering the working solution is 5ml in each batch of 
reaction the initial rate can be calculated as 2.54E-03 mmol·min-1·ml-1. The initial rate means that 
when the reaction is carried out in the following conditions: catalyst concentration is 2g/kg, EAQ 
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concentration is 20g/kg, hydrogen pressure is 2bar, temperature is 60°C and stirring speed is 250 
rpm. The reaction rate is 2.54E-3 mmol·min-1·ml-1. The initial method is applied for each catalyst. 
The results are averages of four parallel experiments; they are summarized in the following table. 
Table 4.1 Summary of initial rates of different catalysts  
Catalyst sample Na-Y-Pd Y-DLA-Pd Y-NSAL-Pd Y-SSAL-Pd Pd-γAl 
Initial rate 
(10-4 mmol min-1 ml-1) 
24.6 30.4 28.2 12 22 
Err(±10-4) 1.9 1.9 0.4 # 0.9 
 
Catalyst sample FM8-Pd FM8-AL FM8-BL  Pd-αAl 
Initial rate 
(10-4 mmol min-1 ml-1) 
9.64 5.32 10.7  6.82 
Err(±10-4) 2.42 0.47 #  0.11 
*catalysts. Temperature = 60°C, catalyst concentration = 2g/kg, H2 pressure = 2bar, eAQ 
concentration = 20g/kg 
 
4.3.5 A glance at the kinetic 
       As shown in Figure 4.1 the hydrogenation of anthraquinone can be simply expressed as: 
      ݁ܣܳ + ܪଶ
௖௔௧௔௟௬௦௧
ሱ⎯⎯⎯⎯⎯ሮ݁ܣܳܪଶ         (1) 
       From equation (1) the reaction rate expression could be written as:    
ܴܽݐ݁ = ݇଴ܥ௘஺ொ
ఈ ܥுమ
ఉ           (2) 
Where the CeAQ is the eAQ concentration in the working solution and CH2 is the hydrogen 
concentration dissolved in the working solution. k0 is the reaction constant in equation (2). In the 
reaction, the concentration of H2 dissolved into the working solution is not clear. However, the 
hydrogen pressure can be measured by the Endeavour reactor. According to Henry’s law, at a 
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constant temperature, the hydrogen pressure and the hydrogen concentration dissolved into a 
certain solvent have a relationship: 
݌ுమ = ݇ுܥுమ           (3) 
        Where pH2 is the hydrogen pressure in the reactor and kH is Henry’s constant. 
        So the equation (2) can be expressed as: 
ܴܽݐ݁ = ݇ଵܥ௘஺ொ
ఈ ݌ுమ
ఉ          (4) 
        Where ݇ଵ =
௞బ
௞ಹ
ഁ 
In a semi batch reactor, the hydrogen pressure is kept constant during the reaction, so the 
݌ுమ
ఉ is a constant. (4) can be further simplified to: 
ܴܽݐ݁ = ݇ଶܥ௘஺ொ
ఈ           (5) 
Where ݇ଶ = ݇ଵ݌ுమ
ఉ =
௞బ
௞ಹ
ഁ ݌ுమ
ఉ         (6) 
In the reaction system, the only thing that changes during the reaction is the CeAQ. So the 
reaction rate can be expressed as: 
ܴܽݐ݁ = −
ௗ஼೐ಲೂ
ௗ௧
= ݇ଶܥ௘஺ொ
ఈ          (7) 
According to equation (1) the stoichiometry relationship between eAQ and hydrogen is 1:1. 
When the hydrogen pressure is kept constant, the hydrogen consumption rate is equal to the 
eAQ consumption rate in mol. Thus:  
ܴܽݐ݁ =
ௗுమ
ௗ௧
= −
ௗ஼೐ಲೂ
ௗ௧
= ݇ଶܥ௘஺ொ
ఈ         (8) 
Thus, the hydrogen consumption rate can be measured by the mass flow meter in the 
Endeavour reactor system. The total amount of hydrogen consumption depends on the total 
110 
 
amount of eAQ introduced into the reactor. The value is calculated from the mol of eAQ 
weighed by an analytic balance and the value is considered to be the theoretical value of 
hydrogen consumption.  
According to equation (6), k2 is only affected by the k0. If no mass flow limitation exists, the k0 is 
independent of CeAQ, which means k2 is also independent of CeAQ. From equation (8) we have: 
−
ௗ஼೐ಲೂ
஼೐ಲೂ
ഀ = ݇ଶ݀ݐ          (9) 
According to Drelinkiewicz’s report (Drelinkiewicz, 1991a) if α=0, by integral equation (9) we 
have: 
ܥ௘஺ொబ − ܥ௘஺ொ = ݇ଶݐ         (10) 
In which CeAQ0 is the original eAQ concentration before reaction, can be calculated from the 
eAQ weighting data. CeAQ0-CeAQ was calculated from hydrogen consumption. 
Plot CeAQ0-CeAQ versus t, we have: 
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Figure 4.10 Kinetic curve of plotting CeAQ0-CeAQ versus t. Temperature = 60°C, catalyst concentration 
= 2g/kg, H2 pressure = 2bar, eAQ concentration = 20g/kg 
Obviously, the reaction is not zero order regarding eAQ concentration. In the first 20 minutes 
the curve is similar to a linear shape. This is because, in the initial part of the reaction, the 
concentration of eAQ is not significantly changed, so the reaction rate did not significantly 
change.  
According to Santacesaria’s work (Santacesaria et al., 1988) if α=1, from equation (9) we have: 
ln
஼೐ಲೂబ
஼೐ಲೂ
= ݇ଶݐ          (11) 
Plot ln(CeAQ0/CeAQ) versus t, we have: 
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Figure 4.11 Kinetic curve of plotting ln(CeAQ0/CeAQ) versus t. Temperature = 60°C, catalyst 
concentration = 2g/kg, H2 pressure = 2bar, eAQ concentration = 20g/kg 
The first order fitting is not satisfactory. This means the reaction may have a fractional number 
order regarding anthraquinone (Drelinkiewicz, 1991b). This also means the reaction could not be 
conducted under kinetic control (Santacesaria et al., 1988). Considering that the reaction is 
running in a small vessel with high speed stirring, the mass transfer resistance in the liquid phase 
should be eliminated. The diffusion between the catalyst particle surface and inside the catalyst 
channel may be responsible for the mass transfer limitation. In this case, k2 is also related to eAQ 
concentration. It may not follow simply reaction kinetic. Thus, it is very complicated to carry out 
the kinetic study. Therefore, our kinetic study was stopped.  
Without kinetic study, the reaction constant cannot be used for catalysts screening. The initial 
rate method is the only way to evaluate the activity. When the catalysts are made by the same 
procedure and the catalysis reactions take place in the same conditions, the differences between 
catalysts are only located on the supports. So the different activities of catalysts only contributed 
to different supports. Based on the data in Table 4.1, two catalysts based on Y zeolite are 
distinguished; they are Y-DAL-Pd and Y-NSAL-Pd. Y-DAL-Pd has the best activity and is 24% better 
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than Pd on original Y and 38% better than the commercial catalyst – Pd on gamma alumina. For 
Y-NSAL-Pd, it is 15% and 28%, respectively. The improvement may be attributed to the 
mesopores structure and side pockets formed during the acid leaching. The results also show 
that direct acid leaching is better than steaming treatment plus acid leaching. This means 
steaming is an unnecessary procedure. However, considering the high cost of Y zeolite, the 
modification makes it even more expensive compared to gamma alumina. Whether or not the 
38% improvement justifies the high cost of the modified Y zeolite will determine the utility of Y-
DAL-Pd in the industry.  
4.4 Conclusion 
In this chapter different palladium loading methods were compared. Catalysts made by the 
incipient wetness method have the best activity. Various types of zeolites were tested as 
palladium supports in the hydrogenation of anthraquinone. Catalysts on Y zeolite and Beta 
zeolite have a similar reaction rate to the catalyst on gamma alumina (which is widely used as a 
commercial catalyst). The Y zeolite and FM8 are then modified via the steaming treatment, acid 
leaching and base leaching process to generate mesoporous and side pockets in order to improve 
the catalyst activity. The Pd on Y zeolite modified by directly acid leaching has a 38% 
improvement compared to the commercial gamma alumina supported Pd catalyst. However, the 
utility of the Y-DAL is undermined by its high cost when compared to the conventional catalysts. 
The hydrogenation of anthraquinone is a fast reaction and the kinetic is highly affected by the 
mass transfer rate, which means that in the industry the reactions are always under a mixed 
diffusion reaction regime. To focus on the applications in industry, we further investigate the 
selectivity of catalysts rather than the activity (which is also an important topic in the study of the 
hydrogenation of anthraquinone). In the next chapter we will discuss deep hydrogenation and 
the selectivity between overhydrogenation and hydrogenolysis. 
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Chapter 5 IR in situ detection 
 
5.1 Introduction 
Since the Riedl-Pfleiderer process was formalized and patented in 1939 it has been well 
investigated (Pfleiderer and Riedl, 1939). However, the current proposed reaction mechanisms 
are hypothetical explanations or a perspective from thermodynamic study (Chen et al., 2015, 
Kosydar et al., 2011). This is because of the difficulties involved in capturing the relevant 
intermediate-like product eAQH2, which is rapidly oxidized in air (Drelinkiewicz and 
Waksmundzka-Góra, 2006b). The only way to measure the reaction rate is by measuring the rate 
of hydrogen consumption. However, the existence of multiple hydrogenation routes makes the 
measurement of the reaction rate more complicated. 
As shown in Figure 5.1, there are two possible deep hydrogenation reaction pathways after the 
formation of eAQH2: the overhydrogenation of the aromatic ring to form H4eAQH2, H8eAQH2 and 
others (in the green frame), and the hydrogenolysis to produce eAN and eANT (in the blue frame). 
Only eAQH2 and H4eAQH2 can be oxidized, forming hydrogen peroxide and either eAQ or H4eAQ, 
respectively. These oxidized products can be further re-used to manufacture hydrogen peroxide, 
so both are considered as active quinone. All others are regarded as degradation products. 
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Figure 5.1 The deep hydrogenation route of eAQ (Drelinkiewicz et al., 2004a, Drelinkiewicz and 
Waksmundzka-Góra, 2006b) 
Most methods for measuring the reaction rate involve well designed equipment and multiple 
measurements (Berglin and Schoeoen, 1981). For example, the hydrogenation product eAQH2 
will be oxidized to hydrogen peroxide and eAQ when it is exposed to air. Using titration,  the 
amount of hydrogen peroxide is measured and the remaining eAQ concentration can be 
measured by HPLC (Drelinkiewicz et al., 2004a). The eAQ concentration reveals the selectivity of 
hydrogenation. From the amount of hydrogen peroxide, the mole of eAQH2 and H4eAQH2 can be 
calculated. However, continual measurements are required throughout the reaction. 
Furthermore, the catalytic hydrogenation rate is very fast, and continual sampling measurements 
will affect the volume of working solution. These factors further reduce the accuracy of the 
kinetic measurement.  
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To overcome this problem, reaction progress kinetic analysis was introduced in this work. IR 
spectroscopy and mass flow measurements were orthogonally applied in order to detect and 
quantify the reaction products (Blackmond, 2005). However, the eAQH2 standard is not 
commercially available and no reference spectrum of eAQH2 is available. This means the key 
peaks in the spectrum of eAQH2 have to be identified by comparison with the spectrum of eAQ. 
This method can be used to quantify eAQH2 in the kinetic study of the hydrogenation of 
anthraquinone. In this project, the IR spectrum of eAQH2 is recorded for the first time. The 
concentration of the eAQH2 in this project is determined by eAQ concentration and hydrogen 
consumption, based on Donna Blackmond’s earlier work (Richards et al., 2004, Blackmond, 2005). 
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5.2 Equipment  
5.2.1 Introduction of in situ IR system 
 
Figure 5.2 Picture of the assembled reactor system 
 
Figure 5.3 Schematic of reactor system  
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Figures 5.2 and 5.3 show how the detection system is assembled. It mainly contains four parts: 
the HEL reactor system, a mass flow control system, a reactant injection port and the ReactIR 
system. The heater wire, thermocouple and agitator are controlled by the HEL system. The gas 
inlet port is connected to the mass flow control system. The individual liquid injection port is 
assembled and also works as a sampling port. An IR probe is connected and controlled by ReactIR 
4000.  
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5.2.2 HEL reactor 
 
Figure 5.4 Picture of HEL reactor system 
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As show in Figure 5.4, the HEL lab scale reactor is composed of a 100ml stirred batch micro 
reactor, an oil jacket system, and a control box which can receive and control reaction conditions. 
The micro reactor is made from hastelloy, in order to take high temperature and strong corrosive 
reaction. The reactor tank has an oil jacket to control the reaction temperature from outside of 
the reactor. To enable the IR probe to be installed in the system, a new head for the reactor was 
designed and manufactured by the workshop at Imperial College London chemical engineering 
department. The new stainless steel head perfectly fit the original batch reactor and agitator. 
The head has five connecting ports: a port for a temperature detector, a port for resistance 
heater wire, a reactant injection port, a gas introducing port and an IR probe connection port. 
During the reaction, the thermocouple and heater wire work cooperatively to keep the reaction 
temperature at a constant value. The oil jacket’s temperature was set to be a slightly lower value 
than the reaction temperature, in order to support the heating of the reactor. These three parts 
work cooperatively as a calorimeter that can be used to measure the heat released during the 
whole reaction. Via the injection port, reactants can be injected during the reaction after the 
reaction environment has reached the setting conditions. The injection port can also work as a 
sampling port. The Bronkhorst Mass Flow Measurement System measures the hydrogen 
consumption rate through the gas introducing port. The ReactIR can analyse the working solution 
in situ during the reaction, through the IR connection port.   
5.2.3 Bronkhorst mass flow measurement system 
The mass flow control system is connected to the gas inlet line where the hydrogen consumption 
rate is recorded during the reaction and the data is analysed together with the IR data. 
121 
 
 
Figure 5.5 Bronkhorst mass flow measurement system.  
The mass flow measurement system is made up of a mass flow controller and a pressure meter. 
Hydrogen is supplied from a gas cylinder and goes through a mass flow controller, followed by a 
pressure meter which is connected to the semi batch reactor.  
 
Figure 5.6 PID control in the Bronkhorst mass flow system. 
As shown in Figure 5.6, the pressure meter measures the pressure in the rector and gives 
feedback to the mass flow controller. The mass flow controller then changes the flow rate 
according to PID control theory, in order to achieve the desired reaction pressure. 
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5.2.4 Injection port 
By using the injection port, reactant can be injected during the reaction and the hydrogenated 
sample can also be taken from the injection port for further analysis. 
 
Figure 5.7 Reactant injection port also works as a sampling port  
As shown in Figure 5.7, the injection port is assembled with a gas tight syringe and a three way 
vale. The reactant is loaded by the syringe, and the syringe is weighed before and after injection 
or sampling. In this way the reactant and sample amount can be accurately measured.  
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5.2.5 ReactIR 4000  
In our research the ReactIR is connected to the HEL calorimeter micro batch reactor by an 
optical fiber probe. 
 
Figure 5.8 Picture of the ReactIR 4000 system 
Figure 5.8 shows the ReactIR 4000 system manufactured by Mettler Toledo, which is designed 
for efficient and effective IR analysis. The ReactIR system contains a HeNe laser, which is 
enclosed in a sealed box to limit the laser radiation to the level of class 1 laser products. With an 
optical fiber probe, ReactIR 4000 can detect and analyze IR data directly from any kind of 
material, at the solid, liquid or gas phases. IR energy is analysed from 1900 to 650 cm-1 
wavenumbers based on the sensor material. The system is always kept under a dry nitrogen 
purge. 
As shown in Figure 5.2, an IR probe is inserted into the HEL reactor via a modified port. The 
head of the reactor had been remanufactured and designed to enable the probe to be fitted. 
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Spectra are recorded directly via the probe during the reaction, and the analysed data is 
recorded in the ReactIR software. The IR spectrum is measured continuously during the reaction. 
 
Figure 5.9 IR spectra recorded by ReactIR 4000, plotted by the ReactIR 4.2 software 
Figure 5.9 is a typical IR spectra recorded by the ReactIR software. The IR spectrum can be 
recorded regularly in order to detect changes during the reaction. The X axis gives the 
wavenumber and the Y axis indicates the absorbance. The Z axis is the time, so the spectra are a 
group of spectra of the working solution over a period of time. In this case, the chemical change 
during the reaction can be observed automatically and in situ. This avoids frequent sampling 
that would affect the reaction. Furthermore, unstable chemicals, such as eAQH2, can be 
detected directly in situ. 
In summary, the reactor system is composed of mass flow measurement and IR in situ detection, 
which makes it possible to monitor the reaction in two dimensions. The reaction data from MFC 
and IR spectra can be compared and investigated together in order to provide a better 
understanding of the reaction. 
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5.3 Test of the reactor 
Based on the reaction conditions used in the Endeavour reactor, as described in Chapter 4, 
suitable reaction conditions in the new system were tested. They were as follows: 2% Pd on 
gamma alumina; temperature = 50°C; catalyst concentration = 1g/kg; H2 pressure = 2bar; eAQ 
concentration = 40g/kg 
5.3.1 Mass transfer limitation  
The HEL reactor is a micro batch reactor. The batch volume is 100ml, and 50ml to 60ml working 
solution is suggested by the manufacturer. Since the working solution is 10 times higher than 
that in the Endeavour reactor, if the mass transfer limitation are controlling or impacting the 
measurements has to be determined before any hydrogenation study can take place. 
 
Figure 5.10 Initial H2 consumption rate for different stirring rates *the reactions were carried out 
with 2% Pd on gamma alumina. Temperature = 50°C; catalyst concentration = 1g/kg; H2 pressure = 
2bar; eAQ concentration = 40g/kg 
As shown in Figure 5.10, the initial hydrogen consumption rate has a rapid increase when the 
stirring rate rises from 200 to 400 rpm, this is diffusion regimes as demonstrated in the dark line, 
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and then level off as the stirring rate increases from 400 to 800 rpm, this is the kinetic regmes 
as demonstrated in the shallow line. Because of the equipment limit, the suggestion agitation 
rate is 800rpm. In this case, we cannot increase the stirring rate anymore. The rapid increase in 
the reaction rate is caused by the increase in the mass transfer rate. After 400 rpm, the level off 
means no more mass transfer limitation exist. Further study explained the reason for the slow 
increase thereafter. When we increase the stirring rate, the liquid forms a vortex. When the 
liquid is pushed to the wall of the reactor by the paddle, the liquid level becomes very low with 
the intensive stirring. The heater wire and the thermal couple both have poor contact with the 
liquid. When the thermo couple is exposed to the air above the liquid, the reading of the 
temperature decreases. The feedback was analysed from the computer and hence higher 
heating power output was made to increase the temperature to the set point. This explanation 
is supported by observations during my experiments: during a reaction, when I increased the 
stirring rate from 400 to 800 rpm the temperature decreased immediately and then kept at a 
lower point until the heater wire heated up the working solution after a long time. On the other 
hand, when the stirring rate is reduced from 800 to 400 rpm the temperature will increase as 
well. Hence, the higher the stirring speed is, the higher the true temperature will be in the 
system. In summary, the reaction rate slowly increases when the agitation rate increases from 
400 to 800 rpm because of the increase in the temperature of the working solution. 
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Figure 5.11 H2 consumption rate at different stirring rates in the deep hydrogenation. The 
reactions were carried out in the following conditions: 2% Pd on gamma alumina. Temperature = 
70°C; catalyst concentration = 1g/kg; H2 pressure = 2bar; eAQ concentration = 40g/kg 
As shown in Figure 5.11, the same phenomenon is observed in the deep hydrogenation. Since 
the reaction rate of the deep hydrogenation is hundreds of times slower than the 
hydrogenation rate, it is unlikely that the reaction is subject to a mass transfer limitation so that 
the shallow line is also in a kinetic regime, the diffusion regime may only happen in the very 
slow stirring rate. The phenomenon can be explained by the same reason mentioned above. It 
is because the temperature is actually increased as the agitation rate increased.  
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5.3.2 The performance of different catalysts  
 
Figure 5.12 Hydrogen consumption curve with different catalysts. Temperature = 50°C; catalyst 
concentration = 0.67g/kg; H2 pressure = 2bar; eAQ concentration = 40g/kg 
As shown in Figure 5.12, hydrogenation reactions take place on the Y zeolite and gamma 
alumina supported catalysts. Compared to the results obtained from the Endeavour reactor, 
palladium on Y zeolite has a slight higher reaction rate compared to palladium on gamma 
alumina.  
5.4 Conventional method to identify and quantify eAQ and chemicals 
After testing the reactor, anthraquinone hydrogenation is processed in the HEL reactor with the 
mass flow measurement system. During the hydrogenation, samples are regularly taken and 
prepared for conventional analysis. 
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5.4.1 High performance liquid chromatography with ultraviolet detector 
 
Figure 5.13 eAQ sample in HPLC. HPLC using LC-20AD (SHIMADZU, JAP) with an UV detector 
(254nm). Column size is 150 x 4.60 mm; C18 fraction; dp = 5μm; particle size is 100Å. The eluent is a 
mixture of 70% methanol + 30% DI water; flow rate is set at 1 ml/min.  
The HPLC shown in Figure 5.13 belongs to a sample taken in the early stages of anthraquinone 
deep hydrogenation. The first peak at 7.279 corresponds to internal standard p-xylene, the peak 
at 12.578 belongs to eAQ and the peak at 17.350 belongs to H4eAQ. Without standard samples, 
all the other peaks were interpreted based on Petr’s work (Petr et al., 2004). The peaks at 
10.020 and 10.398 are the two isomerides of eAN: 2-ethyl-9-anthrone and 2-ethyl-10-anthrone. 
The hydrolysis reactions to from these two eANs have a similar rate constant, and the reactions 
rates are fast to produce enough eANs to be observed in the earlier stage of deep 
hydrogenation. It is assumed that the peak at 19.654 represents the isomeride of H4eAQ, the 
H4iso (2-ethyl-1,2,3,4-tetrahydroanthrquinone), which is formed and disappears in proportion 
with the H4eAQ, and has a much smaller forming rate. This observation is consistent with Petr’s 
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work (Petr et al., 2004). According to the Santacesaria’s work the big difference in the reaction 
rate can be explained by the spatial distributions (Santacesaria et al., 1994b). There are two 
other peaks that cannot be observed in Figure 5.13, but which it is very important to mention 
here. The first the peak at 18.439, which belongs to eANT. The second is the peak at 29.078, 
which belongs to H8eAQ. These two peaks can only be observed in the later period of deep 
hydrogenation and appear as eANs and H4eAQs, respectively, disappear.   
The identification of eAQ depends on the constant retention time of peak at 12.58 min. The 
quantification is achieved by comparing with the peak area of internal standard, p-xylene. The 
equation is summarize as follow. 
ܥ௘஺ொ =
஺೐ಲೂ஺಺ೄబ
஺಺ೄ஺೐ಲೂబ
ܥ௘஺ொబ         (1) 
In which the CeAQ and CeAQ0 are the eAQ concentration after the reaction and at initial 
respectively. AeAQ and AeAQ0 are the absorbance peak area of eAQ after the reaction and at initial 
respectively. AIS and AIS0 are the absorbance peak area of internal standard after the reaction 
and at intial respectively. 
The sample of working solution during the reaction is analyzed regularly with HPLC and the 
retention time and peak area of the sample is compared with the standard.   
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Figure 5.14 Change in quantity of chemicals in deep hydrogenation. *IS = internal standard 
As show in Figure 5.14, the X axis gives the reaction time in hours, and the Y axis gives the ratio 
of the chemical peak area over the internal standard peak area. The absorbance of ultraviolet 
follows the Beer-Lambert law. Thus, the ratio of chemical peak area to internal standard peak 
area is proportional to the chemical concentration in the working solution. With the calibration 
of standard of chemicals, quantification can be achieved. This is a conventional method for 
quantifying chemicals.  
However, there is another problem with the quantification of eAQH2 and H4eAQH2. The diol 
form is extremely unstable when exposed to air. When the diol sample was injected into the 
GC-MS, both H4eAQ and H4eAQH2 can be detected (Drelinkiewicz and Waksmundzka-Góra, 
2006b). However, the eAQH2 cannot be detected in the HPLC system. In this case, all the 
samples need to be oxidized before they are analyzed. However, the important product eAQH2 
and H4eAQH2 can be quantified by another method. 
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5.4.2 Titration of hydrogen peroxide 
The conventional method for quantifying the eAQH2 (and H4eAQH2) is the titration of hydrogen 
peroxide (Feng et al., 2010, Tang et al., 2014, Kosydar et al., 2011). Hydrogen peroxide is the 
product of the eAQH2 oxidization. The reaction is based on equations (2) and (3). One mole 
active quinone (eAQ and H4eAQ) produces one mole hydrogen peroxide. So the amount of 
hydrogen peroxide formed during the oxidization equals the amount of eAQH2 and H4eAQH2 
formed in the hydrogenation. 
݁ܣܳܪଶ +	ܱଶ 	
௦௣௢௡௧௔௡௘௢௨௦௟௬
ሱ⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ሮ 	݁ܣܳ +	ܪଶܱଶ      (2) 
ܪସ݁ܣܳܪଶ +	ܱଶ 	
௦௣௢௡௧௔௡௘௢௨௦௟௬
ሱ⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ሮ	ܪସ݁ܣܳ +	ܪଶܱଶ     (3) 
5g of hydrogenated working solution is oxidized with O2 to produce H2O2 at room temperature 
and H2O2 is then extracted with 10ml 1M H2SO4 (purchased from VWR Chemicals) to obtain a 
solution of H2O2. The amount of H2O2 in the solution can then be determined by titration with 
standard KMnO4 solution (0.02 mol L−1) (purchased from VWR Chemicals). The selectivity 
toward active quinones can be calculated by equation (4): 
ܵ =
ହ
ଶ
×
஼಼ಾ೙ೀర௏಼ಾ೙ೀర
஼ೢೞ௠ೢೞ
        (4) 
Where S is the selectivity of active quinone, ܥ௄ெ௡ைర  is the concentration of KMnO4, ௄ܸெ௡ைర  is 
the volume of KMnO4 in the titration, ܥ௪௦  is the weight concentration of active quinone in the 
working solution (determined by HPLC) and ݉௪௦ is the weight of the sample. The titration 
method measures the total amount of eAQH2 and H4eAQH2, and each individual amount of 
eAQH2 and H4eAQH2 can be quantified by eAQ and H4eAQ in HPLC, as mentioned before. 
HPLC and titration analysis are the conventional methods for quantifying the chemicals in the 
anthraquinone working solution. They were also used to identify the IR peak area for different 
chemicals in our research.  
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5.5 eAQ identification and quantification 
As mentioned in section 5.2.5, the IR spectrum of the working solution was automatically 
recorded at regular intervals during the reaction. Peaks represent to reactants disappeared with 
the peaks represent to products formed. The peak area was plotted online and monitored as 
quantitative data. Different peaks represent different chemical functional groups. The peaks are 
identified with standards and compared with the conventional analysis method from HPLC and 
titration. 
5.5.1 IR spectrum of working solution 
The ReactIR software has a function to subtract the reference spectrum from any spectrum we 
recorded. Hence the spectrum for the reactant can be isolated from the solvent’s spectrum if 
the absorption of pure solvent is subtracted from the spectrum of the working solution. In this 
case it is very important to analyze the record of the pure solvent spectrum. 
 
Figure 5.15 IR spectrum recorded during the reaction. The solvent, eAQ solution and 
hydrogenation product eAQH2 in solvent can all be identified. 
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As shown in Figure 5.15, the spectra of solvent, reactant eAQ and the product eAQH2 are 
recorded during the hydrogenation of anthraquinone. The ReactIR 4000 uses flowing dry 
nitrogen as a reference. The following measurements are all based on the use of dry nitrogen as 
a background. The eAQ concentration is 40g/kg working solution. The absorption of the 
reactant is relatively small compared to the absorption of the solvent, so the reference 
spectrum of the solvent is subtracted to highlight the feature of the reactant spectra. This 
subtraction can be carried out automatically using the ReactIR 4.2 software. 
 
5.5.2 IR spectrum of eAQ and eAQH2 
 
Figure 5.16 IR spectra with solvent reference subtracted. The eAQ and eAQH2 spectra are 
identified. Characteristic peaks are labeled. 1677cm-1 931cm-1 713cm-1 stand for eAQ and 1407cm-1 
1057cm-1 759cm-1 stand for eAQH2. 
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Table 5.1 Functional groups in eAQ and eAQH2 
eAQ eAQH2 
Peak wavenumber Functional group Peak wavenumber Functional group 
1677cm-1 ν C=O 1407cm-1 δ O-H 
931cm-1 \ 1057cm-1 ν C-O 
713cm-1 \ 759cm-1 \ 
 
As shown in Figure 5.16 and summarized in Table 5.1 the spectrum of the 2-ethyl-9, 10-
anthraquinone is very similar to the IR spectrum provided in Drelinkiewicz and Kosydar’s papers 
(Drelinkiewicz, 1995, Kosydar et al., 2010). The IR spectrum of anthrahydroquinone is not 
detailed in any paper. The spectrum of anthrahydroquinone starts to form during the reaction 
when the peaks of eAQ start to disappear. In the meantime, the hydrogen consumption meets 
the stoichiometric volume. Several peaks are identified as corresponding functional groups in 
the reactant eAQ and the product eAQH2 including the C=O bond (carbonyl stretching mode) at 
1677 cm-1 in eAQ, the C-O stretching mode (in C-O-H) at 1056cm-1 in eAQH2, the O-H in plane 
bending mode (in C-O-H) at 1407 cm-1 in eAQH2. Although the peaks at 931 cm-1, 713 cm-1 in 
eAQ and at 759cm-1 in eAQH2 are not clear and may correspond to complicated combinations of 
vibrational modes, they do provide characteristics for these reactants that are useful in 
quantitative studies. In addition, the undulation of the band at 796cm-1 is so intense that it can 
still be seen even when the solvent absorption is subtracted. This peak should always be 
neglected in the investigation.  
5.5.3 eAQ Peak area and quantification 
The quantitative use of IR spectra is based on the Beer-Lambert law: 
ܣ = log
ூబ
ூ
= log
ଵ
்
= ߝ݈ܿ        (5) 
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In which A is the absorption; ܫ଴and ܫ is the radiant flux received by the sample and the radiant 
flux transmitted by the sample, respectively; ε is molar attenuation coefficient of the material; c 
is the concentration of the solute; and l is the path length of the beam of light through the 
material. Thus, in any experiment, A is proportional to c.  
 
Figure 5.17 The peak at 1677cm-1 is used as a sample to show how the peak area and peak height 
calculation is achieved 
As shown in Figure 5.17, IR quantification analysis can be performed using either peak height or 
peak area. When IR is used for a quantitative analysis, the concentration of reactants and 
products (c) is estimated from the absorbance (A). A can be measured using either the height or 
the area of a well-defined peak.  
In both of the two methods a baseline is needed as reference. In Figure 5.17, take the peak at 
1677 cm-1 for an example. If we use the zero line as reference, the peak height is h0. The peak 
area is the red area plus the yellow area. If we use a two-point cross line as reference, like 1682 
to 1671, the peak height is h, and the peak area is the red area. The choice of baseline is very 
important in the quantitative analysis. For example, the peak of ν C=O on eAQ is around 
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1677cm-1 and the peak on H4eAQ is around 1664cm-1(in the gray grid). A good baseline can 
separate these two peaks clearly, but a bad baseline will mix up these two peaks and cause a 
significant error.     
In our study the peak height has a relatively larger variance compared to the peak area, so the 
peak area method is recommend. For all the experiments, the peak at 1677cm-1 is based on the 
baseline from 1682 to 1671. The red area is considered to be an indicator of eAQ concentration. 
5.5.4 Calibration of eAQ peak area   
A set of eAQ solutions with different concentrations is prepared and their IR spectra are 
collected. Several peaks representing eAQ are analyzed. The peak at 1677 cm-1, which stands for 
C=O bond, is used as an indicator of eAQ concentration.  
 
 
 
Figure 5.18 Peak area at 1677cm-1 for different eAQ concentrations. The concentration error is 
based on measurement error. The area error is based on instrumental error.  
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In Figure 5.18 the peak area of the selected peak tends to be proportional to the concentration 
of eAQ in the same solvent. A fitting line of a relationship between eAQ concentration and the 
peak area at 1677cm-1 is given for a comparison. A very good linear relationship is observed. An 
empirical formula of the comparable linear fitting is summarized. The reactant concentration 
can be calculated from the peak area of 1677cm-1, which means the peak area of 1677cm-1 can 
be used as a quantitative indicator for eAQ concentration. 
The eAQ concentration can be calculated by the following equation: 
ܥ௘஺ொ = ܭ௘஺ொ × ܣ௘஺ொ        (6) 
Where CeAQ is the eAQ concentration in g/kg ws, KeAQ is the slope of the fitting line in Figure 5.18, 
and AeAQ is the absorbance of the peak area at 1677cm-1. 
The reason why the relationship is not perfect linear is because the volume of the solution will 
increase during the dissolution. For example, when 2g eAQ is dissolved in 10ml solvent, the 
volume of the solution increases to about 12.6ml. So the volume is not consistent among the 
different eAQ concentration standards. In order to record accurate data, we use mass 
concentrations here. In summary, the increase in the volume of the working solution is the 
reason for the imperfect linear relationship. Although not perfect, this fitting line is the best we 
can provide in this study so far. However, during the reaction the volume is constant and the 
eAQ will transfer to other chemicals that still exist in the solvent. The total solute amount 
remains constant so that the peak area is still proportional to the concentration of eAQ. This will 
be discussed in the following section. 
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5.5.5 eAQ hydrogenation monitored by in situ IR 
 
Figure 5.19 Peak area changing with reaction time in the hydrogenation of anthraquinone 
In Figure 5.19, during the reaction, peaks at 712cm-1 931cm-1 1677cm-1, which represent the 
eAQ functional groups, disappeared with the hydrogenation of anthraquinone. At the same 
time, new peaks at 759cm-1 1057cm-1 1406cm-1 started to form and may represent the 
functional group of hydrogenation product eAQH2. When the theoretical value of the hydrogen 
consumption is achieved the hydrogenated working solution will be collected in a beaker and 
oxidized by being well stirred in the air. After being extracted by sulfuric acid and titrated by 
potassium permanganate, the amount of H2O2 can be worked out, and is used as the eAQH2 
amount. The result shows that more than 95% of the selectivity was achieved during the 
hydrogenation part. The oxidized eAQH2 was collected in a vial and transferred to the HPLC 
detector. From the results, we can only detect eAQ in the spectrum. Hence the peaks at 759cm-1, 
1057cm-1 and 1406cm-1 must only represent the C-OH bonds on the eAQH2, which are formed 
associatively with the disappearance of peak at 1677cm-1 during the reaction. These peaks are 
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used as an indicator of eAQH2. The change of peak area at 759cm-1 is consistent with the 
hydrogen consumption conversion, so it is an indicator of eAQH2 concentration.  
 
Figure 5.20 Peak area changing with time in the oxidation of eAQH2. *peaks at 712cm-1 931cm-1 
1677cm-1 start to form, while peaks at 759cm-1 1057cm-1 1406cm-1 start to disappear 
As shown in Figure 5.20, right after the hydrogen consumption reaches the theoretical value, 
we stop agitating and purge the hydrogen out by inert gas. We then exchange the inert gas with 
oxygen. We then start to agitate when oxygen is introduced into the system to oxidize the 
eAQH2 in situ within the reaction. The in situ IR continues to read the spectrum during the 
operation. This explains why the peaks at 759cm-1, 1406cm-1 and 1057cm-1 disappeared during 
the oxidization and the characteristic peaks formed at 712cm-1 931cm-1 1677cm-1 for 
anthraquinone. This observation further supports the initial assumption stated at the beginning 
of this section that the peaks that disappeared correspond to eAQH2.The hydrogen peroxide is 
not detected in the spectrum, because our IR detection range is from 650cm-1 to 1900cm-1 while 
the hydrogen peroxide absorption peak is at 2850cm-1. When the commercial hydrogen 
peroxide is detected by this ReactIR, no peak belonging to hydrogen peroxide can be observed. 
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The oxidized eAQH2 is then compared with the original eAQ spectrum. 
 
Figure 5.21 Comparison of the spectrum of original eAQ and the spectrum of oxidized eAQH2  
As shown in Figure 5.21, the spectrum of the oxidized eAQH2 is compared to the original eAQ 
spectrum. To compare the difference between the original eAQ and the eAQ after a cycle of 
reaction, the spectrum of oxidized eAQH2 is presented. The spectrum is almost the same as the 
eAQ spectrum, which provides further proof that the peaks at 759cm-1, 1406cm-1 and 1057cm-1 
correspond to eAQH2. Among these three peaks, 759cm-1 is used as the indicator of eAQH2 as it 
is well isolated, more stable and has a higher intensity than the others.  
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5.5.6 The consistency of IR detection and mass flow controller detection 
 
Figure 5.22 Peak area conversion with time compared with hydrogen consumption conversion 
with time 
As shown in Figure 5.22, the conversion obtained from IR spectrum and hydrogen consumption 
are compared. The conversion from IR spectrum is calculated on the peak area at different 
times, divided by the maximum peak area. The conversion from MFC is related to the hydrogen 
consumption amount divided by the theoretical value amount.  
The results of comparing the peak areas at 759cm-1 and 1677cm-1 to the hydrogen consumption, 
respectively, are plotted in Figure 5.23.  
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
0 5 10 15 20 25 30 35 40
co
nv
er
si
on
 o
f r
ea
ct
an
t
mins
758cm-1 1407cm-1 1677cm-1 hydrogen consumption
143 
 
 
Figure 5.23 The conversion of reactant compared with the conversion of hydrogen 
As shown in Figure 5.23, the peak areas at 759cm-1 and 1677 cm-1 were used as indicators of 
eAQH2 and eAQ, respectively. Linear relationships are observed between the reactant. The 
agreement between IR data and hydrogen consumption measurements is more than 99%, 
which proves the high reliability of in situ IR.  
 
Figure 5.24 The peak area at 1677 cm-1 VS the peak area at 759cm-1 in the hydrogenation of eAQ  
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Figure 5.24 shows that in the eAQ hydrogenation, the peak area at 1677cm-1, which represents 
eAQ concentration, decreases while the area at 759cm-1, which represents eAQH2, increases. 
Although the eAQH2 standard is not available, KeAQH2 is not known, the figure 5.24 is nessacery 
provide another method to calibrate the eAQH2. The fitting is linear. The intercept on the Y axis 
represents the highest peak area at 1677cm-1, while the intercept on the X axis represents the 
highest peak area at 759cm-1. The slope of the fitting line is the ratio of the maximum peak area 
at 1677cm-1 to the maximum peak area at 759cm-1. The slope is negative, which means the peak 
at 1677cm-1 decreases as the peak at 759cm-1 increases. From equation (6) the eAQH2 
concentration can be calculated by the equation below.  
ܥ௘஺ொுమ = ܭ௘஺ொ × ݇௘஺ொுమ × ܣ௘஺ொுమ        (7) 
Where CeAH2 is the concentration of eAQH2 in g/kg ws, KeAQ is the slope of the fitting line in 
Figure 5.18, keAQH2 is the absolute value of the slope of the fitting line in Figure 5.24 and AeAQH2 is 
the peak area at 759cm-1. 
For the conventional method, hydrogen consumption is widely used in kinetic research to 
determine the reaction progress. In this new method, for each reaction we record both the 
hydrogen consumption rate and the IR spectrum. By comparing the two groups of data we can 
carry out an orthogonal investigation of the hydrogenation of anthraquinone. In Figures 5.22 
and 5.23, the conversion with time is plotted. The conversion data from the peak area are 
similar to the conversion data from the hydrogen consumption. Considering the deviation of the 
IR spectrum, these data have a good consistency, which indicates that the IR in situ detection 
has the same ability as the mass flow measurement system as regards studying the kinetic of 
the eAQ hydrogenation. This is a new potential method for investigating this reaction. 
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5.5.7 The consistency of the initial rate calculated using IR spectrum and mass flow 
measurement 
The initial rate method is a widely used method to investigate kinetic study. For batch reactors, 
the reaction is commonly processed in a materially closed system. In this case, the 
concentrations of all the reactants change all the time. The initial rate method is only valid 
when investigating the reaction rate in a batch reactor. When less than 10% in total of the 
original reactants are consumed, reactions are at the initial stage and the concentration has a 
negligible change. The initial reaction rate is then regarded as the original reaction 
concentration. So the reaction rates between different batches of reactions are comparable to 
each other.  
In our reaction, a semi batch reactor is applied because hydrogen needs to be constantly fed 
into the reactor in the process of reaction in order to keep a constant pressure. In this scenario, 
the hydrogen concentration in the working solution can be considered as a constant value. 
Therefore the concentration of eAQ is the only variable. In this case, the IR in situ detection 
which can directly detect the eAQ concentration shows a big value for this reaction. Although 
the hydrogenation of anthraquinone has been investigated for 70 years, the kinetic study has 
only been explained from a thermal dynamic perspective. The conventional methods 
investigate the reaction rate by interpreting the stoichiometric relationship between hydrogen 
and eAQ. In addition, the product anthrahydroquinone is unstable when exposed to air, so 
there is no efficient method for the detection of anthrahydroquinone.  
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Figure 5.25 Initial hydrogen consumption rate compared with initial eAQ consumption rate 
As shown in Figure 5.25, the initial hydrogenation conversion rate is calculated from the ratio of 
the initial hydrogen consumption rate to the theoretical total hydrogen for the hydrogenation 
of anthraquinone. The initial eAQ conversion rate is calculated from the ratio of peak area 
decay rate to the original peak area for the characteristic peak in eAQ.    
From this plot we can draw two conclusions. First, the anthraquinone consumption is 
synchronized to the hydrogen consumption. This is a very important improvement in the study 
of the hydrogenation of anthraquinone. For decades, people have built a whole system to 
explain this reaction, and the theory has been proved and utilized in labs and industry. However, 
for the first time we recorded the unstable product and we observed the forming of the 
chemical eAQH2. Second, again, the IR in situ detection has been proved to be a very promising 
technique for kinetic research.   
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5.6 H4eAQ identification and quantification 
5.6.1 Deep hydrogenation and H4eAQ 
The hydrogenation of anthraquinone is a complex reaction. As shown in Figure 5.1, after eAQ 
has been hydrogenated to eAQH2, deep hydrogenation will take place. eAQH2 can be further 
hydrogenated to several different chemicals. The side products cause the loss of eAQ in the 
cyclic reaction, some even poison the catalyst during the reaction. This causes considerable cost 
every year in the industry (Drelinkiewicz et al., 2007). A better understanding of the side 
reaction will help reduce the annual cost from the loss of eAQ. 
In order to investigate the deep hydrogenation it is necessary to identify the side products. 
Among these side products, H4eAQ is the most important active quinone in industry, as it can 
also be re-used in the cyclic reaction. All the other side products are considered to be 
degradations. (The H4eAQ sample was kindly provided by the Liming Chemical Industry 
Research Institute.)  
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5.6.2 IR spectrum of H4eAQ and H4eAQH2 
 
Figure 5.26 IR spectrum of H4eAQ and H4eAQH2. Peaks at 1664cm-1 1300cm-1 are representative for 
H4eAQ, and peaks at 1190cm-1 1052cm-1 938cm-1 are representative for H4eAQH2. The 
hydrogenation product H4eAQH2 is oxidized and the spectrum is recorded for comparison with 
original H4eAQ. 
Table 5.2 Functional groups in eAQ and eAQH2 
H4eAQ H4eAQH2 
Wavenumber Functional group Wavenumber Functional group 
1664cm-1 ν C=O 1190cm-1 ν C-O 
1300cm-1 ν C-C 1052cm-1 ν C-O 
  
938cm-1 δ O-H 
 
As shown in Figure 5.26 and summarized in Table 5.2 the IR spectrum of H4eAQ is comparable 
to Kosydar’s report (Kosydar et al., 2010). Because the spectrum of H4eAQH2 was not 
commercially available and is also unstable when exposed to atmosphere, like eAQH2, it will be 
detected within the reactor in the reaction. When compare table 5.1 with table 5.2. The peak at 
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1664 cm-1 corresponds to the C=O stretching in H4eAQ, while it is 1677 cm-1 in eAQ. the peak at 
1190cm-1 and 1052 cm-1 is C-O stretching (in C-OH) in H4eAQH2, while it is 1057 cm-1 in eAQH2 
and the peak at 938 cm-1 is O-H out of plane bending (in C-O-H) in H4eAQH2. The peak at 1300 
cm-1 is not identified. The peak at 1300 cm-1 in H4eAQ overlaps with the peak at 1292 cm-1 in 
eAQ. Therefore we choose the peak at 1664 cm-1 for the indicator of H4eAQ, because it is well 
separated from the peak at 1677 cm-1 in eAQ. On the other hand, the peak at 1190 cm-1 in 
H4eAQH2 is distinguished from any other peaks, so it is the best choice for the indicator of 
H4eAQH2.  
 
5.6.3 Relation between H4eAQ concentration and peak area 
 
Figure 5.27 Peak areas at 1664cm-1 for different H4eAQ concentrations 
As shown in Figure 5.27, the area of the peak at 1664cm-1 is nearly proportional to the H4eAQ 
concentration, which is the same for eAQ, as we mentioned in section 5.5. This can also be 
explained by the volume difference caused by different solute amounts, as explained in section 
5.5. The H4eAQ concentration can be calculated using the follow equation: 
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ܥுర௘஺ொ = ܭுర௘஺ொ × ܣுర௘஺ொ        (8) 
Where CH4eAQ is the concentration of H4eAQ in g/kg ws, KH4eAQ is the slope of the fitting line in 
Figure 5.27, and AH4eAQ is the peak area at 1664cm-1.  
5.6.4 The IR spectrum of H4eAQH2 formation and oxidization 
 
Figure 5.28 Peak area of IR absorption changing during the sequential H4eAQ hydrogenation and 
H4eAQH2 oxidization. Peak at 1664 cm-1 represents the H4eAQ, peaks at 938cm-1 1052cm-1 1190cm-1 
represent the H4eAQH2.  
As shown in Figure 5.28, it is also the same as in Figures 5.19 and 5.20. During the 
hydrogenation, the characteristic peaks of H4eAQ disappeared and the peaks at 938 cm-1, 1052 
cm-1 and 1190 cm-1 formed. Then, after the oxidization, the formed peaks disappeared at the 
same time as the characteristic peaks of H4eAQ formed. As shown in Figure 5.26, the spectrum 
of oxidized H4eAQH2 is nearly identical to the spectrum of H4eAQ. This indicates that the 
hydrogenation of H4eAQ has a high selectivity to H4eAQH2. Before oxidization, a sample is taken 
from the injection port. The sample was well mixed in air and the formed hydrogen peroxide 
was extracted from solvent by sulfuric acid. Titration by potassium permanganate was applied 
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to confirm the presence of hydrogen peroxide. The calculation results show that more than 97% 
of the H4eAQ was transferred to H4eAQH2. This is consistent with the results in IR spectrum, that 
the peak area of oxidized product is identical to the peak area of the original H4eAQ. 
5.6.5 The consistency of IR detection and mass flow controller detection 
 
Figure 5.29 Comparison of the percentage of conversion calculated from IR spectrum and MFC. 
The percentage of conversion from IR spectrum is based on the peak area changing divided by the 
maximum peak area. The percentage of conversion from MFC is based on the hydrogen 
consumption amount divided by the theoretical value amount (the amount of hydrogen that 
hydrogenate eAQ to eAQH2) 
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Figure 5.30 The conversion of reactant compared with the conversion of hydrogen 
As shown in Figure 5.29 and Figure 5.30, it is shown that in the hydrogenation of H4eAQ there is 
consistency between the hydrogen consumption and the peak area in IR. This strongly supports 
the idea that this new methodology is credible and IR in situ detection will become a powerful 
technique for the investigation of the hydrogenation of anthraquinone.  
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Figure 5.31 The peak area at 1664 cm-1 vs. the peak area at 1190cm-1 in H4eAQ hydrogenation 
Without the standard of H4eAQH2 the KH4eAQH2 is unknown, but we can do the calibration by 
using figure 5.31. It shows that there is a linear relationship between the peak area at 1664cm-1, 
which represents H4eAQ concentration, and the area at 1190cm-1, which represents H4eAQH2. 
The intercept on the Y axis indicates the highest peak area at 1664cm-1, while the intercept on 
the X axis indicates the highest peak area at 1190cm-1. Therefore, the slope of the fitting line is 
the relationship between the intensity of the peak areas at 1664cm-1 and 1190cm-1. The 
negative slope means the peak at 1664cm-1 decreases while the peak at 1190cm-1 increases. 
From equation (7) the H4eAQH2 concentration can be calculated by the equation given below.  
ܥுర௘஺ொுమ = ܭுర௘஺ொ × ݇ுర௘஺ொுమ × ܣுర௘஺ொுమ      (9) 
Where CH4eAH2 is the concentration of H4eAQH2 in g/kg ws, KH4eAQ is the slope of the fitting line in 
Figure 5.27, kH4eAQH2 is the absolute value of the slope of the fitting line in Figure 5.31 and 
AH4eAQH2 is the peak area at 1190cm-1. 
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The success of H4eAQH2 identification and quantitative calibration has a very important 
meaning for the study of the hydrogenation of anthraquinone. H4eAQH2 and eAN are the first 
two side products formed in the hydrogenation of anthrahydroquinone. H4eAQ is considered to 
be an active quinone, which is also used with eAQ in the manufacture of hydrogen peroxide. 
However, it is not possible to investigate the degradation route without other standards for side 
products, especially for eAN.  
5.6.6 Temperature effect on IR detection 
We have observed the temperature has a effect on the bond energy. IR detects the bond 
energy of the functional group in chemicals, so a study of temperature effects is necessary.  
 
Figure 5.32 IR spectrum of eAQ at different temperatures 
As Figure 5.32 shows, the change of temperature did not make the peaks shift to a lower or 
higher wavenumber. Regarding the peak area, a small change is detected. The changing of the 
absorbance may be caused by the volume change at the different temperature. The volume of 
the working solution increased with the temperature of the working solution increase. While 
-0.05
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
65085010501250145016501850
ab
so
rb
an
ce
wavenumbers(cm-1)
30°C 50°C 70°C
155 
 
the concentration of the chemicals in the working solution decreased, so the absorbance of the 
working solution decreased with the temperature increase. 
Table 5.3 eAQ peak area at different temperatures 
Temperature 
Peak area 
Concentration (g/kg ws) 
1677cm-1 758cm-1 
30°C 0.77 0.41 45.8 
50°C 0.70 0.37 45.5 
70°C 0.64 0.33 45.0 
 
 
Figure 5.33 The K value at different temperatures 
The data in Table 5.3 shows that when the temperature increases, the peak area for each peak 
decreases. Combined with Figure 5.18 and Figure 5.27, the relationship between eAQ 
concentration and the peak area at 1677cm-1 is defined as KeAQ. A linear relationship shows that 
the K value will change with a change in temperature, as presented in Figure 5.33. 
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In summary, temperature has an effect on IR detection. At 30–70°C, the effect on qualitative 
analysis is negligible, but for a quantitative analysis, a calibration is suggested. A linear 
relationship between the K value and the temperature was found. The KeAQ and KH4eAQ then be 
amended by the equation of the fitting line in Figure 5.33.  
5.7 Reaction progress kinetic analysis 
The IR in situ detector combined with a mass flow measure system provided a real-time 
reaction kinetic analysis to investigate the hydrogenation of anthraquinone, which is a powerful 
method for investigating a complicated reaction. Although the kinetic of the hydrogenation of 
anthraquinone is very complicated, as mentioned in Chapter 4, it is still possible to use the 
combination of IR and MFC to investigate how the reactant concentration will influence the 
reaction rate.  
5.7.1 Definition 
Reaction progress kinetic analysis is a new technique that provides a faster analysis, needs 
fewer experiments and provides more mechanistic details than traditional kinetic techniques. 
To carry out reaction progress kinetic, in situ data collection equipment and a PC with a 
spreadsheet program are needed. There are two main methods of data collection: integral 
measurements and differential measurement. 
5.7.2 Integral measurements  
Integral measurements measure the species concentration by a relationship between the 
concentration and a measurable parameter. For example, FTIR spectroscopic measures the 
absorbance of reactants. The signal intensity is proportional to the reactants’ concentration. 
The reaction rate needs to be calculated by differentiating the absorbance over time. 
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Figure 5.34 integral method for monitoring reaction progress. The reactions were carried out with 
2% Pd on gamma alumina. Temperature = 50°C; catalyst concentration = 0.67g/kg; H2 pressure = 
2bar; eAQ concentration = 34g/kg 
As shown in Figure 5.34, the IR absorbance is the primary data that is collected by in situ IR. The 
reaction rate is the processed data that is calculated from the differential absorbance.  
5.7.3 Differential measurements 
Differential measurements measure the instantaneous hydrogen consumption rate through the 
mass flow meter. The hydrogen consumption rate is related to the eAQ consumption rate. The 
reaction rate is the primary parameter, and the concentration is proportional to the integral of 
the rate versus time. 
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Figure 5.35 Differential method for monitoring reaction progress. The reactions were carried out 
with 2% Pd on gamma alumina. Temperature = 50°C; catalyst concentration = 0.67g/kg; H2 
pressure = 2bar; eAQ concentration = 34g/kg 
Figure 5.35 illustrates that the hydrogen consumption rate is the primary data collected by a 
mass flow meter; eAQH2 concentration is the processed data calculated from the integral of the 
hydrogen consumption rate by the stoichiometric relationship between eAQH2 and H2.  
5.7.4 Graphical rate equation 
Figure 5.34 and Figure 5.35 demonstrate how the processed data was calculated from the 
primary data via their relationship with time. However, the result shown in Chapter 4 
demonstrates neither a zero order nor a first order reaction. However, when we consider the 
reaction rate expression: 
ܴܽݐ݁ = ݇଴ܥ௘஺ொ
ఈ ܥுమ
ఉ         (10) 
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when the hydrogen pressure is kept constant 
ܴܽݐ݁ = ݇ଶܥ௘஺ொ
ఈ          (11) 
the relationship can be directly plotted by the hydrogen consumption rate and eAQ 
concertation. These are all primary data from the in situ IR and mass flow controller.  
 
Figure 5.36 Graphical rate equations constructed from the primary data in Figures 5.34 and 5.35 
Obviously, the prefect linear fitting indicates that the reaction is first order in terms of the eAQ 
concentration.  
ܴܽݐ݁ = ௙݇௜௧ܣ௘஺ொ         (12) 
Where rate is the hydrogen consumption rate, kfit is the slope of the fitting line, and AeAQ is the 
absorbance of peak area at 1677cm-1. According to equations (6) and (11), α=1. And based on 
equations in Chapter 4, 
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௙݇௜௧ = ܭ௘஺ொ݇ଶ = ܭ௘஺ொ݌ுమ
ఉ ଵ
௞ಹ
ഁ ݇଴       (13) 
Where pβH2 was kept constant during the reaction, kβH is a constant value, KeAQ is a constant 
value when the reaction temperature keeps constant. So kfit is proportional to k0, which means 
the kfit is also a reaction constant which can indicate the reaction rate.  
If we look at the initial part and final part of the plot in Figure 5.36, there is a non-linear 
relationship between the hydrogen consumption rate and eAQ concentration. This was 
observed and explained by Drelinkiewicz in 1992 (Drelinkiewicz, 1992). The reaction includes 
three steps: an induction period, a main reaction period and a final stage. The reaction in the 
induction part is zero order kinetics, while in the final stage it shows a fractional number order 
(usually 1/2). However, Drelinkiewicz believed the reaction to be a zero order in the main 
reaction period. This contradicted Santacesaria’s report. So it can be conjectured that in 
Drelinkiewz’s study the reaction was under a “mixed diffusion-kinetic regime” when apparent 
kinetics appeared to be a zero order reaction (Santacesaria et al., 1988).  
The kinetic study comes to a conclusion. By using the reaction progress kinetic analysis, the 
hydrogenation of anthraquinone was found to be first order regarding eAQ concentration. This 
is consistent with Santacesaria and Hâncu’s results (Santacesaria et al., 1988, Hâncu and 
Beckman, 1999). kfit is introduced into the study as a reaction constant to measure the activity 
of different catalysts. However, the reaction order regarding hydrogen is not considered in this 
study, since the hydrogen pressure is always keep constant during the hydrogenation of 
anthraquinone. 
5.8 Degradation investigation 
A typical run of a deep hydrogenation of eAQH2 is based on the in situ hydrogenation of eAQ. 
The eAQ is prehydrogenated in the same reactor when all eAQ is almost converted to eAQH2, 
the agitation paused, and hydrogen is replaced by helium. The temperature is then raised to 
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70°C with agitation. After reaching this temperature, I started to agitate again and to replace 
the helium with hydrogen. The deep hydrogenation is initiated when the agitation starts. The 
total hydrogen consumption is controlled between one to two-fold of the consumption amount 
that hydrogenated eAQ to eAQH2. 
5.8.1 The oxidized working solution after deep hydrogenation  
 
Figure 5.37 IR spectrum comparison of original eAQ and oxidized working solution after deep 
hydrogenation at room temperature 
As shown in Figure 5.37, the oxidized deep hydrogenation product is a mixture of eAQ, H4eAQ 
and degradations. Compared with the original eAQ, the peak at 1677cm-1 is smaller and another 
peak at 1664cm-1 is formed that represents the formation of H4eAQ. Another indicator peak of 
H4eAQ at 1300cm-1, however, overlaps with the peak at 1297 cm-1, which corresponds to eAQ. 
All the other peaks belonging to eAQ also shrink compared to the original eAQ spectrum. This is 
proof that H4eAQH2 is formed during the overhydrogenation and after oxidation the peak at 
1664cm-1 can be distinguished from the peak at 1677cm-1. Thus, the eAQ and H4eAQ can be 
detected and distinguished in the mixed working solution. 
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5.8.2 The in situ detection of deep hydrogenation 
 
Figure 5.38 IR spectrum comparison of eAQH2 and working solution after deep hydrogenation 
Figure 5.38 shows that during the hydrogenation, the eAQH2 is hydrogenated to other 
chemicals and in the IR spectra the change was clearly recorded. The peaks that belong to 
eAQH2 at 1407cm-1, 1057cm-1 and 758cm-1 shrank and new peaks formed. The peaks at 1190cm-
1 and 938cm-1 belong to H4eAQH2. According to Kosydar’s paper (Kosydar et al., 2010) the peak 
at 733cm-1 may belong to the eAN (2-ethyl-10-hydroxy-9-anthrone). Without an eAN standard, 
the deduction cannot be confirmed, but the spectra prove, at the least, that in situ IR has the 
ability to analyze the deep hydrogenation in situ.  
1407cm-1
1057cm-1 758cm-1
1190cm-1 938cm-1
733cm-1
-0.02
0
0.02
0.04
0.06
0.08
0.1
0.12
65085010501250145016501850
ab
so
rb
an
ce
wavenumber(cm-1)
eAQH2 deephydrogenation product
163 
 
5.8.3 The oxidization of deep hydrogenated working solution 
 
Figure 5.39 Peak area changing with reaction time in the oxidization of deep hydrogenated 
working solution   
Figure 5.39 shows the deep hydrogenated anthraquinone oxidized in situ and recorded by IR. 
The working solution is a mixture of eAQH2, H4eAQH2 and other degradations. The peak at 
759cm-1 decreased first and the peak at 1677cm-1 formed at the same time. Not until the peak 
at 759cm-1 was totally consumed, did the peak at 1190cm-1 begin to disappear, and the peak at 
1664cm-1 formed. This means the eAQH2 is oxidized prior to H4eAQH2 because the oxidization 
rate of former one is much fast than later one. This is consistent with Santacesaria’s 
report(Santacesaria et al., 1987).  
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5.8.4 The rehydrogenation of the oxidized working solution 
 
Figure 5.40 shows the peak area changing with reaction time in the rehydrogenation of oxidized 
working solution 
The oxidized working solution is a mixture of eAQ and H4eAQ with the same degradations, 
which is similar to the standard working solution used in the industry. It is believed that the 
H4eAQ can help to prevent the hydrogenolysis of eAQ to form degradations. According to Figure 
5.1, degradations only form following the hydrogenolysis of eAQ (Except H8eAQ). To investigate 
the mechanism in the two active quinones mixed working solution, the hydrogenation of 
oxidized working solution is a good way to simulate the real working solution in the industry. As 
shown in Figure 5.40, the hydrogenation of H4eAQ takes place prior to the hydrogenation of 
eAQ. The eAQH2 is only formed when all the H4eAQ is hydrogenated to H4eAQH2, that is 
because in equation (14), the equilibrium is completely shifted to right (Berglin and Schoeoen, 
1983). In this way, the H4eAQ effectively protects the eAQ from hydrogenolysis. 
݁ܣܳܪଶ + ܪସ݁ܣܳ ⥂ ݁ܣܳ +ܪସ݁ܣܳܪଶ       (14) 
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 5.9 Conclusion 
ReactIR 4000 provided a possibility to analyse reactant online during the reaction. By 
positioning the probe properly in the reactor, the IR spectrum of the working solution can be 
recorded online through the reaction. This provides a powerful method to investigate reactions 
that have unstable products or an unknown mechanism. By comparing IR data with the data 
from MFC system, ReactIR 4000 was used in the kinetic study of the hydrogenation of 
anthraquinone. Because the IR spectrum is based on the absorption of spectroscopy, the 
temperature has an impact on the quantitative analysis. Hence, it is suggested that in situ IR be 
used in a constant temperature environment, or the IR absorbance be calibrated at different 
temperatures for the data analysis. In this study of eAQ hydrogenation in situ IR has an 
important role as it is the first time the formation of the unstable product eAQH2 has been 
observed directly. The observation of the product make the kinetic study possible, when 
combined with hydrogen consumption data, the two groups of primary data can provide more 
accurate information about the reaction. The identification of eAQH2 spectrum was proved by 
the combination of hydrogen consumption data, HPLC analysis and H2O2 titration. By using the 
reaction progress kinetic analysis, the reaction rate was proved to be first order regarding eAQ 
concentration. This conclusion cannot be achieved using the conventional kinetic study method 
as shown in Chapter 4. eAQH2 degradation is very complicated as it involves many reactions. 
The main two products (H4eAQH2 and eAN) can be identified during the reaction, but the others 
are undetectable as their concentration is too low. The success of detection of the two main 
side products establish a foundation for further investigation of deep hydrogenation. 
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Chapter 6 Humidity effect 
and the observation of 
inhibition on phenyl grafted 
catalyst 
 
6.1 Introduction  
Based on the results in chapter 4 it seems that the activity cannot be further improved by 
increasing the surface area of the noble metal support. Therefore to increase the selectivity of 
the catalysts becoming more attractive. Recently, the inevitable water introduced during the 
H2O2 extraction was found to have a big effect on the hydrogenolysis reaction. 
 
Figure 6.1 Process of manufacturing hydrogen peroxide  
Figure 6.1 shows how the water is introduced into the working solution in the extraction 
procedure. Usually, after extraction, the water with hydrogen peroxide is separated from the 
working solution. Then the working solution is dried before being re-used in the anthraquinone 
process. However, some water may still remain in the working solution and this causes the 
catalyst reversible deactivation and affects the hydrogenolysis in deep hydrogenation. 
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Our work is mainly based on Drelinkiewicz’s earlier work. From 2005 to 2007 Drelinkiewicz 
published three papers discussing how humidity affects the hydrogenolysis of eAQH2 in the 
anthraquinone deep hydrogenation stage (Drelinkiewicz et al., 2005, Drelinkiewicz and 
Waksmundzka-Góra, 2006a, Drelinkiewicz et al., 2007). Although the effect of humidity in the 
hydrogenation of eAQ to eAQH2 had already been well investigated and it was believed that the 
reaction rate is increased proportionally to the content of water additive (Drelinkiewicz, 1991d, 
Santacesaria et al., 1994b) the effect of humidity on the side-reaction has only recently been 
investigated (Drelinkiewicz et al., 2005). 
   
Figure 6.2 Summary of reaction route in anthraquinone hydrogenation 
As shown in Figure 6.2 deep hydrogenation mainly involves two pathways. One is over-
hydrogenation of eAQH2 on the aromatic ring to form tetra- or octa- hydro anthraquinone. 
Another pathway is eAQH2 tautomerization to OXO and then hydrogenolysis to eAN and eANT. 
With the exception of H4eAQ all the other side-products cannot produce hydrogen peroxide, so 
they are all considered to involve a loss of eAQ, which is an expensive reagent in the industry. In 
order to reduce the loss of eAQ, deep hydrogenation of eAQ was investigated. In 
Drelinkiewicz’s early report it was found that humidity (on water pre-treated catalysts) can 
suppress the hydrogenolysis in deep hydrogenation (Drelinkiewicz et al., 2005). Later, in 2006, 
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new results revealed that the effect of humidity depends on the Na2CO3 amount introduced on 
the silica support (Drelinkiewicz and Waksmundzka-Góra, 2006a). However, in her 2007 paper, 
Drelinkiewicz claimed that humidity enhanced the hydrogenolysis-deriving production, and 
hence increased the formation of eAN (Drelinkiewicz et al., 2007). The inconsistency across 
these reports means that the humidity effect remains an unclear issue. In the same 2007 paper 
it was also stated that the hydrophobic polyaniline silica support has a strong suppression on 
humidity effect and on hydrogenolysis in the hydrogenation of anthraquinone.  
Here our work is focused on the following two points: 1) how the humidity affects the reaction 
in both primary and desirable reaction and further hydrogenation of eAQH2; and 2) how the 
hydrophobic catalyst affects the humidity effect and hydrogenolysis reaction. Our hypothesis is 
that hydrophobic support may impede the diol-like anthrahydroquinone contact with the 
catalyst surface, and, therefore, the hydrogenolysis is suppressed. Thus, surface modification is 
introduced in this research – a hydrophobic functional group was grafted on palladium supports 
to investigate the effect of hydrophobic grafting. Based on the system set up in chapter 5 an IR 
and mass flow control orthogonal system was used for the study of this topic.  
6.2 The experiment  
6.2.1 Experiment design 
In the industry the working solution is usually a mixture of eAQ and H4eAQ dissolved in polar 
and non-polar solvent (Santacesaria et al., 1988). Because the eAQ and H4eAQ can be reformed 
after oxidizing the hydrogenation products eAQH2 and H4eAQH2, respectively, the working 
solution can be recycled and used repeatedly. In industry the side-reaction is amplified with the 
working solution recycling. However, in the laboratory the selectivity of the hydrogenation of 
anthraquinone to eAQH2 is higher than 95%, the product of the side-reaction is in a trace 
quantity and is hard to detect. In order to investigate the selectivity, we have to focus on the 
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deep hydrogenation part; therefore, we keep running the reaction after all the eAQ is 
transferred to eAQH2. 
In order to investigate the deep hydrogenation, based on Drelinkiewicz’s earlier work, an 
indicator is introduced into the research (Drelinkiewicz, 1992). β is an indicator that is used to 
measure the hydrogenation degree: it is a ratio of the hydrogen consumption and the 
theoretical hydrogen consumption. The theoretical hydrogen consumption is the hydrogen 
needed for all the eAQ hydrogenated to eAQH2 when 0<β<1, only eAQH2 is formed in the 
hydrogenation. When β>1 deep hydrogenation takes place over-hydrogenation and 
hydrogenolysis are initiated. The reaction will last until 2<β<3. This means that in total two or 
three times the theoretical value is consumed in the reactor. Part of the eAQH2 is transferred to 
H4eAQH2 and the remainder forms eAN and other degradation products. 
Deep hydrogenation was studied after eAQ hydrogenated to eAQH2. In the same way that the 
reactant eAQ was monitored by an IR in situ detector in eAQ hydrogenation the peaks 
belonging to eAQH2 were monitored during the deep hydrogenation reaction. Hydrogen 
consumption was recorded by the mass flow system used in eAQ hydrogenation. The reaction 
was shut down by stopping the agitator and switching the hydrogen gas to inert gas when more 
than half of the eAQH2 (2<β<3) was consumed in the reactor. 
To investigate the effect of humidity in the reaction, two groups of solvents were prepared 
following Drelinkiewicz’s description (Drelinkiewicz and Waksmundzka-Góra, 2006a). In one 
group the solvent was dried overnight with molecule sieve 3A – the reaction with this solvent 
was considered as the dry solvent group. Another group was the solvent well mixed with DI 
water; the mixture was left for 24 hour before separating the organic solvent from water. The 
solvent was then considered as water saturated solvent and this group was thus called the wet 
solvent group. All reactions were processed in parallel by using these two groups of solvent, 
with all the other conditions kept the same. 
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6.2.2 Setting up the reaction 
The reactions were carried out in an HEL micro semibatch reactor system, as discussed in 
chapter 5. eAQ and catalysts were placed in the reactor with the solvent before setting up the 
reactor. After the IR probe was placed in the reactor, the reactor was heated by means of an oil 
jacket and heating wire, with agitation. Meanwhile, nitrogen was fed into the reactor by a mass 
flow controller to outgas the air that remained in the reactor. When the system reached the 
desired temperature, the agitation was stopped and the nitrogen was replaced with hydrogen. 
After the hydrogen pressure met the reaction conditions, the agitation was started again and 
the reaction was initiated. The solvent used in this study was a mixture of p-xylene and 2-
octanol, at a 1:1 volume ratio. The catalysts were wt 1% Pd on gamma alumina (commercial 
catalyst), wt 2% Pd on MCM41, wt 2% Pd on phenyl grafted MCM41. All the catalysts were self-
made, except for the commercial one. The details of these catalysts were discussed in chapter 3.  
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6.3 Results and discussion 
6.3.1 Comparison of the activity on different catalysts 
 
Figure 6.3 Hydrogen consumption on the commercial, MCM41 supported and Phenyl grafted 
catalysts. Temperature = 50°C; commercial catalyst concentration = 4g/kg; phenyl grafted and 
original MCM41 concentration = 2g/kg; H2 pressure =2bar; eAQ concentration = 45g/kg 
As shown in Figure 6.3, Commercial gamma alumina has the highest activity, while the activity 
of MCM41 is a bit lower than the commercial type. The phenyl grafted MCM41, however, has 
the lowest activity, which can be explained by its morphology structure that the phenyl group 
hindered the contact between the eAQ and the palladium active site (Drelinkiewicz et al., 2007). 
6.3.2 Effect of humidity on activity – commercial catalyst 
Three groups of eAQ hydrogenation were carried out in the HEL reactor in order to investigate 
the effect of humidity. The reactions were grouped by three different catalysts: commercial 
catalyst (1% Pd on gamma alumina); 2% palladium on MCM41; and 2% palladium on phenyl 
grafted MCM41. In each reaction the temperature, eAQ concentration, H2 pressure and net 
palladium amount were all kept the same. The only difference was in the solvent condition. As 
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mentioned in section 6.2.1, the dry solvent was dried by molecular sieve 3A and the wet solvent 
was sufficiently saturated by DI water. The working solution was then a mixture of p-xylene, 2-
octonal and water. According to Drelinkiewicz’s work, the dry solvent content is 2.46 wt.% 
water and the wet solvent content is 5.05 wt.% water (Drelinkiewicz and Waksmundzka-Góra, 
2006a). Because the palladium loaded on commercial catalyst is 1% the catalyst amount was 
doubled in order to match the palladium concentration in the 2% self-made catalysts. The 
amount of working solution contained in each batch of reaction was 50g (about 60ml in volume). 
The hydrogen consumption rate was recorded as the volume of hydrogen consumed by the 50g 
working solution per minute.  
 
Figure 6.4 Hydrogen consumption on the commercial catalyst. Temperature = 50°C; catalyst 
concentration = 4g/kg; H2 pressure = 2 bar; eAQ concentration = 45g/kg 
As shown in Figure 6.4, in the group with commercial catalyst the reaction rates were very fast. 
In the dry solvent condition, the initial hydrogen consumption rate is 42.5 ml/min, the kfit is 
47.333 ml/min and the reaction finished in 12 mins. In the wet solvent condition the initial 
hydrogen consumption rate increased to 73.2ml/min, and the reaction finished in 4 mins. Thus 
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the kfit cannot be calculated because the hydrogen consumption rate is too fast, and nearly 
reaches the limitation of the mass flow meter. The initial hydrogen consumption rate was not 
record correctly so this reaction rate is considered to be an underestimated value. Another set 
of reactions with one-third of the catalyst amount was taken immediately as a comparison.  
 
Figure 6.5 Hydrogen consumption on the commercial catalyst. Temperature = 50°C; catalyst 
concentration = 1.6g/kg; H2 pressure = 2 bar; eAQ concentration = 45g/kg 
Figure 6.5 shows that the reaction rates for dry and wet solvent are 11.4 ml/min and 
34.5ml/min, respectively. This means the hydrogenation rate in the wet solvent is three times 
faster than in the dry solvent system. According to our estimation the reaction rate in wet 
solvent in the reaction shown in Figure 6.4 should be over 100ml/min, which is over the 
measuring limit of the range of the mass flow controller. The result is not comparable with 
Drelinkiewicz’s report in 2005 (Drelinkiewicz et al., 2005) in which the humidity enhanced the 
hydrogen consumption rate by an improvement of no more than 15%. The lack of conformity 
can be explained by the fact that in Drelinkiewicz’s research the humidity was only introduced 
by the catalyst saturated by vapour, while in my research the whole solvent was saturated. As 
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mentioned in Santacesaria’s work (Santacesaria et al., 1994b) the reaction rate increases 
proportional to the amount of water introduced into the working solution. Thus, the result is 
understandable.  
6.3.3 Effect of humidity on activity – MCM41 supported catalyst 
 
 
Figure 6.6 Hydrogen consumption on MCM41 supported Pd catalyst. Temperature = 50°C; catalyst 
concentration = 2g/kg; H2 pressure = 2bar; eAQ concentration = 45g/kg 
As shown in Figure 6.6 in the group with the MCM41 based catalyst, the reaction rate is slower 
than in the commercial one. The initial hydrogen consumption rates in dry and wet solvents are 
32ml/min and 49.6ml/min, respectively. The kfit is 36.015 ml/min and 76.512 ml/min, 
respectively. The reaction finished in 15 minutes and 8 minutes, respectively. Compared to 
commercial catalyst, the MCM41 supported palladium catalyst has a similar activity in dry 
solvent, but in wet solvent the hydrogen consumption rate is 1.5 times faster than in the dry 
condition. This means the humidity has a lesser effect on the silica based catalysts. This 
phenomena is consistent with Drelinkiewicz’s report (Drelinkiewicz and Waksmundzka-Góra, 
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2006a), in which Drelinkiewicz saturated the whole solvent as well as the catalysts. It is clear 
that the amount of water on the vapour saturated catalyst is negligible when compared to the 
water in the solvent. 
6.3.4 Effect of humidity on activity – phenyl grafted MCM41 catalyst 
 
Figure 6.7 Hydrogen consumption on phenyl grafted MCM41 supported Pd catalyst. Temperature 
= 50°C; catalyst concentration = 2g/kg; H2 pressure = 2 bar; eAQ concentration = 45g/kg 
Figure 6.7 shows that in the group with phenyl grafted MCM41 the reaction rate is the lowest 
among the three catalysts we tested. The initial hydrogen consumption rate is 11.6ml/min in 
dry solvent and 35ml/min in wet solvent. The kfit is 18.774 ml/min and 49.874 ml/min and the 
reaction finished in 34 mins and 12 mins, respectively. Phenyl grafted MCM41 lost the effect 
that MCM41 support inhibits the increasing reaction rate from the humidity effect, but it 
reduced the reaction rate in both dry and wet conditions. One explanation for this is that on the 
MCM41 surface the grafted phenyl group has a steric effect which impedes the contact 
between the palladium active site and the reactant. So that it reduced the adsorption rate of 
eAQ to catalyst. Another possibility is that the palladium dispersion is limited by the phenyl 
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group, because the phenyl group is preloaded on the support before the palladium 
impregnation. During the impregnation, the palladium can not located on the phenyl grafted 
surface, it reduced the available surface area of the support, so the palladium particle becomes 
aggregated during the palladium impregnation. The activity of the catalyst then decreases since 
the dispersion is limited.   
The data discussed above clearly shows that humidity will increase the hydrogenation rate. On 
the silica based catalyst, the reaction rate in the water saturated working solution is 1.5 times 
the rate in the dried working solution. However, on the alumina and grafted silica based 
catalysts, the rate is three times that of the dried working solution. However, the result in 
Drelinkiewicz’s report in 2005 only shows an increase of no more than 15%. This can be 
explained by reference to the fact that Drelinkiewicz only wet the catalyst in that report, 
whereas we saturated the whole working solution, consistent with the conditions in industry. In 
the later report, Drelinkiewicz also saturated the whole working solution and the result was 
then very comparable with the result in this thesis.  
6.3.5 Humidity effect on deep hydrogenation – commercial catalyst 
The three groups of eAQ hydrogenation mentioned above were kept hydrogenated after eAQ 
was totally consumed and the deep hydrogenation was then carried out in the HEL reactor in 
order to investigate the effect of humidity. In the deep hydrogenation, over-hydrogenation and 
hydrogenolysis all cause hydrogen consumption. Two reaction pathways are initiated in parallel: 
over-hydrogenation transfers the eAQH2 to H4eAQH2 while hydrogenolysis of eAQH2 forms eAN. 
Over-hydrogenation consumes twice the hydrogen amount as is consumed due to 
hydrogenolysis. The analysis of the reaction condition requires a combination of hydrogen 
consumption and IR online detection.  
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Figure 6.8 Deep hydrogenation on commercial catalyst. Temperature = 70°C; catalyst 
concentration = 4g/kg; H2 pressure = 2 bar; eAQ concentration = 45g/kg 
Figure 6.8 shows that in the deep hydrogenation part, the hydrogen consumption rates on the 
commercial catalyst are 0.33ml/min in the dry solvent and 0.53ml/min in the wet solvent. This 
is a 61% increase in activity. The hydrogen consumption rate is very slow in the last part in the 
wet solvent, which may be because the eAQH2 is nearly all consumed during the deep 
hydrogenation; thus, further hydrogenation will focus on eAN hydrogenated to eANT or 
H4eAQH2 to H8eAQH2. The reaction rate of eAN and H4eAQH2 hydrogenation is so low that it 
approaches the limitations of the mass flow measurement range. 
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Figure 6.9 Chemical concentration change in the deep hydrogenation on commercial catalyst. 
Temperature = 70°C; catalyst concentration = 4g/kg; H2 pressure = 2 bar; eAQ concentration = 
45g/kg 
As shown in Figure 6.9, by analysing the IR spectrum we monitor the peak area of relative peaks 
that belong to the reactants, and then the reactant concentration is calculated (find detail in 
chapter 5). The degradation contains many different components, so the amount of 
degradation is calculated by mass balance as mentioned in Drelinkiewicz’s work (Drelinkiewicz 
and Waksmundzka-Góra, 2006a). 
݀݁݃ݎ = ݊଴(݁ܣܳ) − ݊௧(݁ܣܳܪଶ) − ݊௧(ܪସ݁ܣܳܪଶ)     (1) 
where the degr is the degradation amount, and n0(eAQ) is the original eAQ amount filled in the 
system, and nt(eAQH2) is the amount of eAQH2 at time t in the reaction, and nt(H4eAQH2) is the 
amount of H4eAQH2 at time t. 
The selectivity of active quinone is then calculated by the following equation: 
݈ܵ݁݁ܿݐ݅ݒ݅ݐݕ =
௡೟(௘஺ொுమ)ା௡
೟(ுర௘஺ொுమ)
௡బ(௘஺ொ)
      (2) 
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The initial consumption rates of eAQH2 in the dry solvent and wet solvent conditions are 3.56% 
hour-1 and 6.42% hour-1, respectively. The results show the eAQH2 consumption rate increases 
80% within the wet solvent, which is higher than the hydrogen consumption rate. At the initial 
stage, the H4eAQH2 formed in the wet solvent faster than in dry solvent, but soon the 
degradation products increase rapidly and the selectivity to H4eAQH2 remarkably reduced in the 
wet solvent. Compare to dry solvent condition, the reaction pathway shifted to hydrogenolysis, 
the selectivity of active quinone (H4eAQH2) decrease from 57.8% to 32.1%.  
6.3.6 Humidity effect on deep hydrogenation – MCM41 supported catalyst 
 
Figure 6.10 deep hydrogenation on MCM41 based Pd catalyst. Temperature = 70°C; catalyst 
concentration = 2g/kg; H2 pressure = 2 bar; eAQ concentration = 45g/kg 
As shown in Figure 6.10, in the group with the MCM41 catalyst the hydrogen consumption rate 
in deep hydrogenation is the highest among the three catalysts. In the dry solvent the initial 
consumption rate is 0.67ml/min, and in the wet solvent the rate is 0.98ml/min. The hydrogen 
consumption rate has a 46% increase in the wet solvent compared to in the dry solvent. 
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Figure 6.11 Reactant concentration during deep hydrogenation on MCM41 supported Pd catalyst. 
Temperature = 70°C; catalyst concentration = 2g/kg; H2 pressure = 2bar; eAQ concentration = 
45g/kg 
Figure 6.11 shows that in the dry solvent and wet solvent conditions the initial eAQH2 
consumption rates with MCM41 based catalyst are 11% hour-1 and 13.5% hour-1, respectively. 
Compared to the commercial catalyst, the eAQH2 consumption rate in the wet solvent only 
experiences a 23% increase compared to the rate in the dry solvent. The deep hydrogenation 
rate is not proportional to the relative hydrogenation rate of eAQ to eAQH2 as summarized in 
table 6.1. Because each catalyst has a different selectivity in reaction pathway as demonstrated 
in figure 6.2. With a higher selectivity to the overhydrogenation route, reaction with MCM41 
supported Pd has a higher hydrogen consumption rate. The same phenomenon is observed in 
the reaction with the commercial catalyst. The degradation rate increases in the wet solvent 
and the over-hydrogenation rate decreases. The MCM41 based catalyst has the highest 
selectivity to active quinone, which is 56.6% in the dry solvent condition and 51.6% in the wet 
solvent condition. The MCM41 based catalyst has the highest selectivity to active quinone so 
that the highest hydrogenation rate in the hydrogenation of eAQH2 . This is because the over-
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hydrogenation, which forms H4eAQ, will consume double the hydrogen amount to 
hydrogenolysis, which forms degradation products. So the deep hydrogenation rate is the 
highest because more H4eAQ is produced during the over-hydrogenation. 
6.3.7 Humidity effect on deep hydrogenation – phenyl grafted MCM41 supported 
catalyst 
 
Figure 6.12 Deep hydrogenation with phenyl grafted MCM41 catalyst. Temperature = 70°C; 
catalyst concentration = 2g/kg; H2 pressure = 2bar; eAQ concentration = 45g/kg 
As shown in Figure 6.12, in the deep hydrogenation the phenyl grafted MCM41 also has the 
lowest hydrogen consumption rate. In the dry solvent condition, the hydrogen consumption 
rate is 0.14/min and in the wet solvent condition the rate increases to 0.21ml/min. This is a 50% 
increase in the activity. The low reaction rate in the deep hydrogenation part can be explained 
in the same way as in the earlier hydrogenation part. That is, steric effect of the contact 
between the activity site and the reactant. 
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Figure 6.13 Reactant concentration during deep hydrogenation on phenyl grafted MCM41 catalyst. 
Temperature = 70°C; catalyst concentration = 2g/kg; H2 pressure = 2bar; eAQ concentration = 
45g/kg 
Figure 6.13 shows that phenyl grafted MCM41 also has the lowest eAQH2 consumption rate. In 
the dry solvent, the consumption rate is 2.59% hour-1 and in the wet solvent it is 3.71% hour-1. 
The degradation rate increases by 43% in wet solution. The selectivity in the dry solvent is only 
43.8%, which is smaller than the commercial type in the dry solvent (57.8%). However, in the 
wet solvent the selectivity increased to 47.5%, which is still smaller than in the original MCM41 
based catalyst (51.6%) but is higher than the commercial type (32.1%). The interesting point 
regarding this phenyl grafted catalyst is that the effect on the humidity in the change of 
selectivity is almost inhibited in the deep hydrogenation. The morphology change inhibits the 
initial hydrogen consumption rate in hydrogenation, as well as the eAQH2 consumption rate in 
the deep hydrogenation. In other words, the activity of the catalyst is decreased in the two 
solvent conditions but the selectivity remains the same in the wet solvent condition.  
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6.3.8 Summary  
Table 6.1 Summary of catalysis data 
Catalyst Commercial Palladium on MCM41 
Palladium on Phenyl 
grafted MCM41 
Support Gamma alumina Silica Phenyl grafted silica 
Palladium loading 1% 2% 2% 
BET surface area (m2/g) 300 1100(±50) 650(±30) 
Pore size (nm) N/A 3.3 2.6 
Solvent condition Dry Wet Dry Wet Dry Wet 
Catalyst concentration (g/kg 
ws) 
3.75 3.76 1.86 1.88 1.88 1.89 
eAQ concentration (g/kg 
ws) 
45 45 45 45 45.2 45.2 
Initial hydrogenation rate 
(ml/min) 
42.5 100+ 32 49.6 11.6 35 
kfit of eAQ 47.333 N/A 36.015 79.512 18.774 49.874 
Initial deep hydrogenation 
rate (ml/min) 
0.33 0.53 0.67 0.98 0.14 0.21 
eAQH2 consumption rate (% 
hour-1) 
3.56 6.42 11 13.5 2.59 3.71 
Selectivity to H4eAQ at 50% 
eAQH2 conversion 
57.8% 32.1% 56.6% 51.6% 43.6% 47.5% 
Deep hydrogenation rate to 
hydrogenation rate 
0.78% 0.53% 2.1% 2.0% 1.2% 0.6% 
 
The investigation results and some reaction details are summarized in Table 6.1. In order to 
ensure comparable results, the differences between reaction conditions are kept at a level of 3% 
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or lower. Because the palladium loading on commercial catalysts is 1%, the amount of catalysts 
is doubled in the reaction. The hydrogenation rate with the commercial catalyst in the wet 
solvent condition is estimated from the result on one-third catalyst concentration mentioned in 
section 6.3.2. eAQ consumption rates in the hydrogenation part are also analyzed and are found 
to be perfectly consistent with the hydrogen consumption recorded in the MFC system. In this 
case, only the hydrogenation rate is used in the hydrogenation part.  
Table 6.1 shows that the hydrogenation rate is increased with wet solvent and the reaction 
prefers hydrogenolysis to aromatic ring hydrogenation in the wet solvent. Compared to the 
commercial gamma alumina supported palladium catalyst, MCM41 supported catalysts have a 
lower reaction rate in eAQ hydrogenation. However, the reaction rate in eAQH2 degradation 
and selectivity to aromatic ring saturation is much higher in MCM41 than in the case of 
commercial gamma alumina. This means the eAQH2 consumed much faster with Pd/MCM41 
catalyst than with Pd on gamma alumina. Palladium on phenyl grafted MCM41 shows less than 
50% of the activity compared to the MCM41 original support and less than 25% of the hydrogen 
consumption rate in the deep hydrogenation part. Compared to the MCM41 original support, it 
slows down the degradation rate by four times but lowers the selectivity to aromatic ring 
hydrogenation by 13%. For all of the three catalysts (commercial, MCM41 and MCM41G, 
respectively) increases in hydrogenation (2.5, 1.6 and 3.0 times, respectively) and in the eAQH2 
degradation rate (1.8, 1.2 and 1.4 times, respectively) in wet solvent are observed, and also a 
decrease of selectivity to active quinone, except in the case of MCM41G (-15%, -5% and +4%, 
respectively). However, for phenyl grafted MCM41 support catalyst the deep hydrogenation 
rate is inhibited remarkably and the selectivity to active quinone remains at a higher level than 
in the commercial type. This is because the hydrophobic support repels the hydroquinone 
eAQH2 formed in the main reaction, which is also the reactant in the over-hydrogenation and 
hydrogenolysis reactions. This is also consistent with the results published in 2007 
(Drelinkiewicz et al., 2007). Although water was found to promote the hydrogenation rate in 
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many papers (GLEASON and WILLIAM, 1956, Drelinkiewicz et al., 2005, Drelinkiewicz et al., 
2007), none of these papers gave an explanation for this phenomenon. Other similar 
phenomena regarding water promoting hydrogenation were reported in the selective 
hydrogenation of p-chloronitrobenzene (Ning et al., 2007). Ning tried to explain the promotion 
by the hydrogen bonds between water and the p-Chloraniline. It is believed that the promotion 
was assisted by both its competitive adsorption with water on the hydrophilic catalyst and by 
the promoted desorption of p-Chloranilne because of hydrogen bonds between it and water. In 
the hydrogenation of anthraquinone the competitive adsorption theory regarding water and 
reactant may not explain the situation as similar results were observed on the hydrophobic 
catalyst. However, the explanation may be that the water enhances desorption via hydrogen 
bond. In other words, if the reaction is limited by desorption of anthrahydroquinone on the 
palladium surface, the promoted desorption rate may also promote the globe reaction rate in 
the hydrogenation of anthraquinone. On the other hand, during the eAQH2 degradation water 
increased the adsorption rate between the –OH group on eAQH2 and the hydrophilic catalyst by 
hydrogen bond, and hence decreased the selectivity to active quinone; and it decreased the 
adsorption rate between the –OH functional group and hydrophobic catalyst, and hence 
increased the selectivity to active quinone. However, the explanations of water effects are all 
based on the hydrogen bond hypothesis, and we did not obtain sufficient information to come 
to a conclusion in this regard.  
Table 6.2 Comparison of the catalysts 
Catalysts 
Palladium 
supports 
Advantages Disadvantages 
Commercial Alumina 
 highest activity 
 low degradation rate 
 good selectivity to 
H4eAQ 
 lowest selectivity to H4eAQ 
in wet condition 
Pd/MCM41 Silica 
 high activity 
 highest selectivity to 
H4eAQ 
 highest degradation rate 
Pd/MCM41G 
Phenyl grafted 
silica 
 highest resistance to wet 
condition 
 lowest degradation rate 
 lowest activity 
 lowest selectivity to H4eAQ 
in dry condition 
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As shown in Table 6.2, when we compare the three catalysts, the alumina supported catalyst 
shows the highest activity in both dry and wet conditions, but the data is insufficient and we 
cannot explain why the alumina supported catalyst has a higher reaction rate compared to the 
silica supported one. The silica supported catalyst has the highest selectivity to H4eAQ. At 50% 
conversion of eAQH2. Even in a wet condition the selectivity is over 50% to H4eAQ. The higher 
selectivity on silica supported catalyst is consistent with the results in Drelinkiewicz’s report 
(Drelinkiewicz et al., 2004b). Phenyl grafted silica catalysts have a significant inhibition in wet 
conditions and also has the lowest degradation rate, which can be explained by the fact that the 
hydrophobic phenyl group hindered the contact between the reactant and the palladium active 
site. However, the alumina supported catalyst has the lowest selectivity to H4eAQ in the wet 
condition and the silica supported catalyst has the highest degradation rate. The phenyl grafted 
silica shows a relatively high selectivity in the wet condition and sufficient low degradation rate, 
which balanced the two type of supports. When we compare the deep hydrogenation reaction 
rate to primary hydrogenation, we have 0.5%, 2% and 0.6% for alumina, silica and phenyl 
grafted silica, respectively. It is clear that with a 47% selectivity to H4eAQ and only a 0.6% 
primary reaction rate the relative degradation rate in phenyl grafted silica is the lowest among 
the three. Thus, if we use a sufficient amount of Pd/MCM41G we can expect a higher reaction 
rate but a slower degradation rate when compared to the other two conventional catalysts.   
6.4 Conclusion 
The advantage of using in situ IR in the study of the hydrogenation of anthraquinone has been 
demonstrated. The reaction rate and reaction pathway can be observed by monitoring the 
reactant’s concentration. However, without standards for other side-products, especially for eAN 
and OXO, the further study of the reaction mechanism cannot be carried out. The results so far 
show that humidity increases the reaction rate in both hydrogenation and degradation, which 
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may benefit from the hydrogen bond between water and reactants. The selectivity of active 
quinone decreases in the wet solvent system, which could be explained by reference to the 
hydrogen bond. The alumina supported catalyst has the best activity among the three, while the 
silica supported catalyst has the best selectivity to active quinone. This new phenyl grafted 
catalyst, however, with a high manufacture price and low activity (40% of the commercial type’s 
activity) may not be useful in the industry. However, it needs to be highlighted that the 
hydrophobic catalysts inhibit the hydrogenolysis effect caused by the water (a 42% lower 
degradation rate and a 15% lower selectivity to hydrogenolysis when compared to the 
commercial type) in the reaction. This suggests a new way to manufacture typical catalysts in 
hydrogenation reactions, such as the hydrogenation of anthraquinone 
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Chapter 7 Conclusion and 
future work 
 
7.1 Conclusion 
7.1.1 Catalyst 
Three different palladium loading methods were compared. The catalyst made by the incipient 
wetness method has the best activity and palladium utility. Various supports were tested for the 
palladium catalyst using the hydrogenation of anthraquinone. The supports include α-alumina, γ-
alumina, several kinds of zeolites and their destructive derivation, MCM41, as well as its 
alkyltrimethylsilane grafted derivation. Among them, palladium on Y zeolite has a similar reaction 
rate to the γ-alumina supported catalyst. The latter is widely used in industry. The activity of 
dealuminated Y zeolite, which is made by direct acid leaching, offers a 38% improvement over 
the γ-alumina supported catalyst. Pd on MCM41 has a 24% lower activity than the γ-alumina 
supported commercial catalyst. On the phenyl grafted MCM41 support, the activity decreased to 
40% of the commercial type. The low activity is explained by the steric hindrance between 
palladium and the reactant. In the deep hydrogenation, when dried solvent is used, Pd on 
MCM41 has the best selectivity to H4eAQ, the commercial type is lower, and the phenyl grafted 
type has the lowest selectivity. The advantage of phenyl grafted MCM41 support is not revealed 
until the humidity effect is studied. Basically, the selectivity to H4eAQ is clearly decreased for 
both the commercial catalyst and the MCM41 supported one, while the phenyl grafted catalyst 
shows a strong inhibition of this hydrogenolysis. This phenomenon may be explained by its 
hydrophobic property. 
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7.1.2 The mechanism  
Based on the reaction progress kinetic analysis method, the hydrogenation of anthraquinone 
shows a first order kinetic with regard to the concentration of anthraquinone.  The eAQH2 was 
recorded by the in situ IR. This is the first time that it has been possible to detect and measure 
the unstable product during the reaction. The degradation of anthrahydroquinone is more 
complex when compared to the primary reaction. Over-hydrogenation of the aromatic ring and 
hydrogenolysis of the carbonyl group happened together. Water has a promotion effect on the 
reaction rate in both primary hydrogenation of anthraquinone and the deep hydrogenation of 
anthrahydroquinone. The hydrogenolysis is also enhanced by water on the conventional catalysts, 
which leads to degradation products. These water effects can be explained by the hydrogen bond 
between reactants and water. However, further investigation would require the standards of 
degradations. The acquisition and quantitation of standards of degradations is therefore 
important further work. 
7.1.3 In situ IR 
In situ IR is a very powerful technique and has made a vital contribution to the study of the 
hydrogenation of anthraquinone. Using in situ IR we can monitor the formation of the unstable 
product eAQH2. This in situ detection method replaces the conventional method based on HPLC 
or GC analysis and H2O2 titration and proves the reaction is first order kinetics on eAQ 
concentration directly. The study of deep hydrogenation also shows the H4eAQH2 formed during 
the over-hydrogenation and eAN formed during hydrogenolysis. However, the study of the 
mechanism would be further improved if the standard of eAN and OXO were available. It is highly 
important in the future work that the IR spectra of these standards be obtained.  
190 
 
7.2 Future work 
7.2.1 Potential catalyst supports 
SBA15 and M41S with larger pore size were also deemed to be of interest during the research, 
but they were not chosen for this study. This may therefore be a research topic for the future.  
 
Figure 7.1 Comparison of palladium on SBA15, MCM41 and γ-alumina 
As shown in Figure 7.1, SBA15 supported catalyst has a similar activity when compared to 
MCM41, but the deep hydrogenation rate is much lower than for the others. The Ni-B/SBA15 
catalyst was already studied in regard to the hydrogenation of anthraquinone. The study showed 
that it caused a high level of suppression in respect of the formation of degradations (Chen et al., 
2003).  
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Figure 7.2 BET isothermal plot of (a) M41S, (b) MCM41 
As shown in figure 7.2. M41S is made by a recipe that is a modified from of the MCM41 recipe. 
Compare to the MCM41, the hysteresis in the adsorption curve means it proves larger pores than 
MCM41. With a mesoporous structure it has become more popular than MCM41 in recent years. 
With a similar chemical character to that of MCM41 but with a different channel dimensions 
M41S has been found to be more suitable for the support of catalysts in large molecular 
reactions (Lindlar et al., 2001, Lindlar et al., 2002).  
7.2.2 Interesting phenomena 
Some interesting phenomena were observed during the study, which have not yet been explained. 
Two initiating methods 
In the study of the hydrogenation of anthraquinone, the reaction was initiated by two different 
methods:  
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 Method 1, prefilling only the solvent and catalyst with hydrogen in the reactor and injecting the 
reactant when the system is set up for the designed reaction condition.  
Method 2, prefilling all the reactant, solvent and catalyst in the reactor and setting up the 
reaction system with inert gas, then changing the inert gas to hydrogen to initiate the reaction. 
Details regarding the two initiating methods are provided in Appendix IV. 
In method 1, the solvent is saturated with hydrogen and the hydrogen consumption amount is 
accurately recorded. The injected amount of reactant will affect the temperature of the system. 
The initial reactant concentration is determined by IR peak area, which is usually obtained one 
minute after the reactant is injected. This causes the initial concentration be a little 
underestimated. Method 2 is designed to overcome this problem. 
In method 2, the reactant is well mixed and adsorbed on the catalysts before the hydrogenation. 
The initial reactant concentration is accurately recorded by IR detection. However, the hydrogen 
consumption and initial hydrogenation rate is not as accurate as in method 1. That is because 
when the hydrogen is introduced into the system the absorption and hydrogenation begin at the 
same time. The initial hydrogen consumption rate is a combination of hydrogen absorption rate 
and hydrogenation rate. The amount of hydrogen consumption is also including a little bit 
dissolving amount. Nevertheless, because we stop the stirring when changing the inert gas to 
hydrogen, we stop the heat transfer in the system as well, so the initial temperature is not 
exactly equal to the desired reaction temperature. Most of the time the temperature is 2–5°C 
lower than the reaction temperature. 
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Figure 7.3 The comparison of two initial methods. Catalyst is 0.76g/kg 2 wt.% Pd on γ-alumina; 
eAQ concentration = 45g/kg; H2 pressure = 2 bar; reaction temperature = 50°C 
These two initial methods are compared in Figure 7.3. In the same condition, the reaction rate in 
the reaction initiated using method 2 is always higher than the one initiated using method 1.  
 
Figure 7.4 Possible mechanism of the two different initial methods 
As Figure 7.4 shows, eAQ and H2 are competitive adsorbed on the palladium surface. The eAQ is 
pre-adsorbed on the catalyst surface in method 2, and so there are enough activated eAQ ready 
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for hydrogenation. In method 1, the small-sized hydrogen saturated the catalyst surface, which 
inhibits the contact between eAQ and the catalyst surface. The hydrogenation only can happen 
when there is a pack of hydrogen molecules desorbed from the catalyst surface that are large 
enough for eAQ molecule absorption. On the other hand, hydrogen molecules can adsorb on 
unoccupied sites in the gap between eAQ molecules and make the hydrogenation more effective. 
This also means that the reaction rate is limited by the desorption of H2 on the palladium surface. 
Further investigation of the difference between the two initial methods may reveal some part of 
the catalysis mechanism. This suggests the need for future work in this area. 
Two different solvents 
As mentioned in chapter 2, papers from China have claimed the reaction is zero order with 
respect to eAQ concentration and first order with respect to the H2 pressure. This may be caused 
by the different solvents used or different ratio between polar and non polar solvents (Chen, 
2008, Shang et al., 2012). Two different solvents have been compared.  
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Figure 7.5 Comparison of two groups of solvents. The catalyst is 0.76g/kg 2 wt.% Pd on γ-alumina 
in p-xylene and 2-octanol and 1.13g/kg 2 wt.% Pd on γ-alumina in mesitylene and TPO; eAQ 
concentration = 45g/kg; H2 pressure = 2 bar; reaction temperature = 50°C  
As shown in Figure 7.5, the reaction carried out in p-xylene and 2-octanol with a volume ratio of 
1:1 is faster than the reaction carried out in mesitylene and TPO with a volume ratio of 3:1. It is 
worth mentioning that the catalyst amount in mesitylene and TPO is 1.5 times the catalyst 
amount in p-xylene and 2-octanol, but the reaction rate in former is still lower than in the latter 
case. A research topic for the future will be to identify if this is caused by the different kinds of 
solvents or the different ratios of the polar and non-polar solvents, and to establish if this will 
affect the reaction order of the reactant.  
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7.2.3 Oxanthrone 
 
Figure 7.6 IR spectra of the main reactants in the hydrogenation of anthraquinone (Kosydar et al., 
2010) 
According Kosydar’s reports (Kosydar et al., 2010, Kosydar et al., 2011) OXO can be made by 
the hydrogenation of eAQ in the ethanol solvent with the presence of n-butyl-amine, and the 
reaction can be carried out in the same system as was used in this research. According to 
Kosydar’s study, the OXO is formed and consumed along with the eAQH2 simultaneously. This 
means it can be detected during the primary hydrogenation of eAQ but cannot be 
distinguished if no standard spectrum is used. As shown in Figure 7.6, although the IR 
spectrum was already given by Kosydar in 2010, the OXO is polluted by eAQ and the peaks 
may be mixed in the eAQH2 spectrum. The best way to identify those peaks that belong to 
OXO is to run a reaction based on the eAQ hydrogenation in ethanol solvent or to find an OXO 
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standard. Hence, this would be a very interesting part of any future study of the 
hydrogenation of eAQ by in situ IR.  
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Appendices  
Appendix I Catalysts used in the literatures 
 Catalyst type Reactor type Pd 
wt. % 
Solvent Catalyst 
concentration 
g/l 
AQ g/l PH2 
(bar) 
T ºC 
Ind. Eng. Chem. Res. 27 (1988) 
780-784 
Pd/Al2O3 slurry  2 methyl cyclohexanol acetate and xylene (1:1) 0.083 to 1.5 20 1 30, 
40, 
50 
Ind. Eng. Chem. Res. 33 (1994) 
277-284 
Pd  slurry 
semibatch 
2 methyl cyclohexanol acetate and xylene (1:1) 0.083 to 1.5 21.1 to 
113 
1 70 
Journal of Molecular Catalysis 
94 ( 1994) 3746 
Pd slurry 
semibatch 
N/A N/A 0.021, 0.026 100 to 
110 
1, 3 50, 
70 
Journal of Molecular Catalysis 
A: Chemical 101 ( 1995) 61-74 
Pd/Si agitated 
batch  
4 xylene : 2-methylcyclohexylacetate 
=1:1(volume) 
10 to 30 N/A 1 18-
62 
Catalysis Today 52 (1999) 363-
376 
Pd/Al2O3 slurry 
semibatch 
2 methyl cyclohexanol acetate and xylene (1:1) 0.083 to 1.5 21.1 to 
113 
3 70 
Chemical Engineering Science 
54 (1999) 2799}2806 
Pd slurry  N/A methyl cyclohexanol acetate and xylene (1:1) 10 21.1 1 50 
Journal of Molecular Catalysis 
A: Chemical 177 (2001) 149–
164 
Pd/polymers 
PdCl2 
stirred batch  1 to 10 xylene : octanol-2 = 1:1 7 20 1 64 
Journal of Molecular Catalysis 
A: Chemical 194 (2003) 273–
281 
Pd/resin stirred batch  0.8 to 
1.65 
xylene : octanol-2 = 1:1 N/A N/A 2 N/A 
Journal of Catalysis 220 (2003) 
254–257 
Ni-B/SBA-15 autoclave 9.84 trioctylphosphate : trimethylbenzene 
=3:7(volume) 
14.3 50 3 50 
Chemical Engineering and 
Processing 43 (2004) 887–894 
 
 
MGS5/S glass batch N/A Shellsol AB 2-Ethylhexane-1-ol, 2,6-
dimethylheptane-4-ol and N,N,N ,N -tetra-n-
butylurea 
10 19 1 60 
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Applied Catalysis A: General 
263 (2004) 71–82 
Pd/Al2O3 (10% 
SiO2) 
fixed bed 0.7–2 supplied by Kemira Chemicals N/A 60 5 50 
Applied Catalysis A: General 
284 (2005) 59–67 
Pd/Al2O3 fixed bed 1.2-2 70% mixture of aromatic hydrocarbons 30% 
tetraalkylurea and alkyl phosphates type 
compounds 
N/A 60 5 50 
Catalysis Communications 6 
(2005) 347–356 
Pd-
polyaniline(SiO2) 
agitated 
glass batch 
0.02 xylene–octanol-2 =1:1(volume) 6.67-13.3 20 1 62 
Journal of Molecular Catalysis 
A: Chemical 258 (2006) 1–9 
Pd/SiO2 agitated 
glass batch 
0.5 xylene–octanol-2 =1:1(volume) 4 20 1 62 
Journal of Molecular Catalysis 
A: Chemical 246 (2006) 167–
175 
Pd/C Pd/SiO2 
Pd/Al2O3 
agitated 
glass batch 
0.5 xylene–octanol-2 =1:1(volume) 14 20 1 62 
Applied Catalysis A: General 
333 (2007) 219–228 
Pd-
polyaniline(SiO2) 
agitated 
glass batch 
0.5 2-octano : xylene =1:1(mixture of isomers) 4 20 1 62 
Catalysis Today 125 (2007) 48–
55 
Pd/Si fixed bed 
tube 
0.01 1,3,5 trimethylbenzene : trioctyl phosphate 
=1:2.6 (weight） 
13 mg cster 52 to 
104 
1 to 
15 
30-
80 
Applied Catalysis A: General 
382 (2010) 240–245 
Pd/SiO2-Al2O3 glass fixed 
bed 
0.3 trioctyl phosphate : 1,3,5 trimethylbenzene 
= 0.54 (volume) 
N/A 100 1 50 
Applied Catalysis A: General 
402 (2011) 121– 131 
Pd/Al2O3 agitated 
glass batch 
2 p-xylene : 2,6-dimethylheptane-4-ol = 80:20 
(volume) 
15 20 1 55 
Journal of Industrial and 
Engineering Chemistry 18 
(2012) 1851–1857 
Pd/Al2O3 fixed bed 0.3 aromatics C9-C10 : trioctyl phosphate = 3:1 
(volume） 
N/A 138.6 2 40-
100 
Applied Catalysis A: General 
469 (2014) 312– 319 
Pd/Al2O3 glass fixed 
bed 
0.29 trioctyl phosphate : 1,3,5 trimethylbenzene 
= 60:40 (volume) 
N/A 95 1 50 
Chemical Engineering Journal 
262 (2015) 356–363 
Pd/Al2O3 agitated 
glass batch 
0.5 xylene–octanol-2 =1:1(volume) 10 20 1 40 
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Appendix II Chemicals and suppliers 
Alpha alumina  
Puriss grade, ≥ 98% Al2O3 basis, CAS No.: 1344-28-1, supplied by Sigma-Aldrich. 
Gamma alumina 
Aluminum oxide, activate, neutral, gamma-phase, 99.9% metals basis, average particle size 40 
microns, surface area 200m2/g, CAS No.: 1344-28-1, supplied by Alfa Aesar. 
Na-Y zeolite 
 
Figure A.1 structure of Na Y zeolite. 
SiO2/Al2O3 = 3.63, Na2O wt % = 3.8, CAS No.: 1318-02-1, supplied by Zeolith. 
 
FM-8 (Mordenite)  
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Figure A.2 structure of Mordenite 
SiO2/Al2O3 = 6.7, Na2O wt% = 6.8, Pore Size 6.5x7.0/2.6x5.7, CAS No.: 1318-02-1, supplied by Zeocat.  
 
Beta zeolite 
 
 
Figure A.3 structure of Beta zeolite 
SiO2/Al2O3=20, Na2O wt% = 0.6, Pore Size 7.6x6.4/5.5x5.5, CAS No.: 1318-02-1, supplied by Zeocat. 
 
ZSM-5 zeolite 
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Figure A.4 structure of ZSM-5 zeolite 
SiO2/Al2O3 = 40, Na2O wt% = 1.0, Pore Size 5.3x5.6/5.1x5.5, CAS No.: 1318-02-1, supplied by Zeocat. 
In figure 3.1 to 3.4, the schematic of the zeolite is drawn based on the Si-O-Si or Al-O-Al bond, each 
connect point is a Si or Al atom.  
 
Palladium nitrate 
Formula: Pd(NO3)2·2H2O, CAS No.: 10102-05-3, molecular weight 266.46,  ~40% palladium basis, 
supplied by Sigma-Aldrich,  
Tetraamminepalladium(II) nitrate 
Formula: Pd(NH3)4(NO3)2, CAS No.: 13601-08-6, molecular weight 298.55, 10 wt.% in H2O, supplied 
by Sigma-Aldrich 
Palladium(II) acetate 
Formula: Pd(OCOCH3)2, CAS No.: 3375-31-3, molecular weight 224.51, reagent grade 98%, supplied 
by Sigma-Aldrich 
2-Ethyl-anthraquinone 
 
Figure A.5 2-ethyl anthraquinone 
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Formula: C16H12O2, CAS No.: 84-51-5, molecular weight 236.27, purity ≥ 97%, supplied by Sigma-
Aldrich, product No.: E12206 
2-Octanol 
Formula: CH3(CH2)5CH(OH)CH3, CAS No.: 123-96-6, molecular weight 130.23,  purity ≥ 97%, Supplied 
by Sigma-Aldrich 
P-xylene 
1,4-Dimethylbenzene, Formula: C6H4(CH3)2, CAS No.: 106-42-3, molecular weight 106.17, purity ≥ 
99%, supplied by Sigma-Aldrich 
Tris(2-ethylhexyl)-phosphate 
Formula: [CH3(CH2)3CH(C2H5)CH2O]3PO, CAS No.: 78-42-2, molecular weight 434.63, purity ≥ 98%, 
supplied by Merck Millipore 
Mesitylene 
Formula: C6H3(CH3)3, CAS No.: 108-67-8, molecular weight 120.19, purity ≥ 98%, supplied by Merck 
Millipore 
P123: Poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) 
CAS No.: 9003-11-6, average molecular weight ~5,800, supplied by Sigma-Aldrich 
Tetraethyl orthosilicate 
Formula: Si(OC2H5)4, CAS No.: 78-10-4, molecular weight 208.33, reagent grade 98%, supplied by 
Sigma-Aldrich 
CTAC: Hexadecyltrimethylammonium chloride 
Formula: CH3(CH2)15N(Cl)(CH3)3, CAS No.: 112-02-7, molecular weight 320, supplied by Sigma-Aldrich 
Dodecyltrimethylammonium bromide 
Formula: CH3(CH2)11N(CH3)3Br, CAS No.: 1119-94-4, molecular weight 308.34, supplied by Sigma-
Aldrich 
Oxalic acid 
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Formula: (COOH)2•2H2O, CAS No.: 6153-56-6, molecular weight 126.07, laboratory reagent grade, 
supplied by Fisher scientific 
 
Appendix III Characterization methods 
ICP 
An ICP is an Inductively Coupled Plasma, which is the excitation source used in Optical Emission and 
Mass Spectrometry instruments.  In most ICP analysis, the sample is introduced in liquid form, 
meaning solid materials will need to be dissolved in an aqueous solution prior to analysis.  When the 
aqueous sample is taken by the sampler, the nebulizer transforms the aqueous solution sample into 
aerosol. Aerosol vapour is transported into the centre of the plasma. The temperatures within the 
plasma can reach approximately 8000-10,000 Kelvin. So the particles within the aerosol can be 
desolvated, atomized and finally converted into ions. 
Light emitted by ions and atoms is separated and recorded by the ICP-Optical Emission Spectrometer 
(ICP-OES), each element in the periodic table has its own distinct set of emission wavelengths. CCD 
detectors are used to quantify the amount of light at a given wavelength.  The amount of light of a 
given wavelength is proportional to the concentration of the corresponding element in the solution 
presented to the instrument.  A set of standards with varying concentration of the detected element 
is used for the calibration, the mass fraction of the element in the sample being tested can be 
calculated. 
TEM 
A TEM instrument is similar to an optical microscope with electromagnetic lenses instead of optical 
one. In TEM, a primary electron beam of high energy and high intensity passing through the 
condenser produces parallel rays which impinge on the sample. The attenuation of the beam 
depends on the density and the thickness. The transmitted electrons form a two-dimensional 
projection of the sample mass, which is then magnified by the electron optics resulting in bright field 
at the slight angle from the transmitted beam. 
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XRD 
A XRD is X-Ray Diffraction, which is using angstrom range X-ray to penetrate solids and to probe their 
internal structure. By studying the X-ray diffraction data, the crystalline phases by means of lattice 
structural parameters can be identified and the particle sizes can be estimate. This technique is 
particular useful on sufficiently large particles that are not amorphous. 
XRF 
A XRF is X-ray fluorescence, which is the emission of characteristic X-rays from a material that has 
been excited by high-energy X-rays or gamma rays. The secondary X-rays or called fluorescent is 
widely used for elemental analysis and chemical analysis.  
BET 
A BET is stand for Brunauer–Emmett–Teller, which is a combination of three people’s name who 
established a theory to explain the physical adsorption of gas molecules on a solid surface. This 
theory is widely used for the measurement of the specific surface area of a material. By using the 
BET theory, non-corrosive gases (like nitrogen, argon, carbon dioxide, etc.) is usually adopted for the 
multilayer adsorption in order to determine the surface area data. 
 
Appendix IV Two initial methods 
Method 1: catalyst and most of the solvent were prefill into the batch and after set up the reactor 
the HEL system will start agitating and heat up the system to reaction temperature. Use hydrogen to 
outgas the air in the reactor. The mass flow control system will build up the pressure to requirement. 
At this point the solvent IR spectrum sample is taken as a reference. The reactant is dissolved into a 
small amount of solvent. Before injecting the reactant into the reactor, set the pressure to a value a 
bit lower than the reaction pressure in order to meet the pressure rise during the injection. This 
value can be work out by volume difference and practice. After the reactant is injected into the 
system, the reaction initiated. 
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Method 2: Catalyst and the solvent are fill into the batch. Set up the reactor. HEL system start mixing 
and heating the system. Mass flow control system builds up the pressure. When the temperature 
and the pressure are stable, take IR spectrum of the solvent as a reference. Then stop the heating 
and agitating, vent the hydrogen gas. Depart the reactor and fill the reactant, rebuild the reaction 
environment with inert gas. Take the sample as another reference. Stop the agitating, change the 
gas to hydrogen and build up the reaction pressure. When the pressure achieved, start agitating and 
initiate the reaction.   
 
 
